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ABSTRACT
Resiliency projects are being implemented throughout coastal communities with the
intention of reducing the loss of salt marsh habitat. Salt marsh enhancement projects may
have the benefit of minimizing physical coastal impacts, but enhancement activities are not
fully understood as a result of potential impacts on salt marsh ecosystems, particularly
nekton or fish and decapod communities. Questions involving salt marsh enhancement
remain in regard to negative impacts on nekton communities and hydrologic habitat
connectivity. To evaluate the impacts of salt marsh enhancement in reference to nekton
community structures, I compared nekton density in restored and non-restored locations on
two salt marshes in New Jersey. My results suggest that salt marsh thin-layer placement
impacts habitat use, with some habitat features becoming lost for nekton during the initial
construction phase. Specifically, greater density of decapods, particularly Palaemonetes
pugio (daggerblade grass shrimp), were found post restoration, suggesting that their
presence could represent early successional species providing unquestionable ecological
importance for transporting energy and nutrients throughout multiple salt marsh trophic
levels. Additionally, two years post salt marsh restoration, young of the year Cyprinodon
variegatus (sheepshead minnow) and Fundulus majalis (striped killifish) were found
utilizing restored salt marsh pools under severe biological thresholds such as low dissolved
oxygen and elevated water temperature conditions. In future studies, greater emphasis
should be focused on the initial oxygen availability in sediments. Regions exhibiting low
oxygen concentrations may influence vegetative species composition and growth.
Additionally, reestablishing vegetative cover to areas that receive excess dredged material
may be critical to ensure the creation and enhancement of valuable coastal habitats. Lastly,
ensuring hydrologic habitat connectivity (i.e., connecting tidal and subtidal creeks with
restored salt marsh pools) before placement of dredged material is applied for thin-layer
restoration, is critical to ensure maximum habitat availability for nekton species. Clearly,
sea level rise can result in salt marsh loss along the coast and thin-layer placement can be
used to counter these effects if properly planned and administered appropriately to address
plant community restoration and nekton use.
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INTRODUCTION
OVERVIEW
Restoration is becoming one of the most implemented practices in highly urbanized
regions interlinking engineering, environmental science and ecosystem management
(Thayer et al., 2005). Salt marshes in temperate estuaries have been the primary focus of
these strategies due to their ability to act as a carbon sink, remove nitrogen, provide
essential habitat and food resources for fisheries production, and because they have been
extensively modified over the past few decades in the United States (Minello et al., 2003;
Stevenson and Kearney, 2009). Often marsh restoration can support these ecosystem
functions.
The New Jersey Department of Environmental Protection (NJDEP) has undertaken
a salt marsh thin-layer restoration project to assess the beneficial reuse of dredged material
for salt marsh restoration. With existing dredge spoil deposition sites in demand, and an
ongoing need to maintain navigational channels, spoil disposal alternatives are necessary
and salt marsh restoration can benefit from these materials. This restoration technique
incorporates placing dredged material in thin, uniform layers over the marsh plain to reduce
environmental impacts associated with human activities that negatively impact marshes
(Wilber, 1992a,b). This technique utilizes high-pressure spray dredging as opposed to
traditional bucket dredging techniques (Cahoon and Cowan, 1988; Wilber, 1992a,b; Ford
et al., 1999). Thin-layer restoration has been utilized and proven as an effective method for
rebuilding salt marsh surface elevation and thickness throughout the Gulf of Mexico, where
sea level rise is out pacing salt marsh elevation increases (Ford et al., 1999). Salt marsh
stability is directly influenced by a balance between sediment deposition, marsh subsidence
and sea-level rise (Mitsch and Gosselink, 2015). In New Jersey, sediment deposition and
marsh subsidence have been on the decline due to continued watershed urbanization,
eutrophication, and coastal development. Deegan et al. (2012) found that coastal
eutrophication can drastically degrade salt marshes by increasing above ground vegetative
biomass. This increase in biomass influenced a cascading effect by decreasing below
ground root stabilization, leading to increased microbial decomposition of organic material
and fractures, cracks and sloughing of tidally influenced areas of the marsh. Additionally,
extreme climatic and weather events, such as those caused by Hurricane Sandy, can further
increase the loss of salt marshes due to sea-level rise, storm surge, flooding, wave
attenuation, severe winds and debris colliding or coming into contact with the marsh. The
combination of both coastal eutrophication and sea-level rise could cause further
degradation, developing a positive feedback loop associated with salt marsh loss. Thinlayer restoration combines habitat restoration and salt marsh enhancement with routine and
post-storm dredging requirements for navigable waterways. Overall, the coupling of
dredge placement and habitat enhancement may potentially decrease the cost of coastal
dredging and can yield significant ecological and socio-economic benefits (Cahoon and
Cowan, 1988; Ford et al., 1999; Wilber 1992a; Wilber 1992b).
Although these methods can greatly impact coastal environments, research has
shown that salt marshes are situated in dynamic environments where plants, fish, and
7

invertebrates tolerate high levels of disturbance, especially as it pertains to physiological
stresses. In order to establish habitat limitations for nekton, environmental variables such
as low dissolved oxygen, high salinity, and high-water temperatures need to be understood
to evaluate habitat avoidance thresholds. Nekton species such as families Fundulids,
Cyprinodontoids, Palaemonidaes, and Atherinopsidaes represent the dominant nekton
within a marsh ecosystem and each have been studied extensively for their thermal and
physiological thresholds in aqueous environments (Able et al., 1983; Anderson, 1985;
Smith and Able 2003; Talbot and Able 1984). For example, Fundulus heteroclitus (e.g.,
mummichog) is adequately adapted to low dissolved oxygen concentrations due to this
species undergoing aquatic surface respiration with the use of a superior mouth
morphology (Layman et al., 2000; Smith and Able, 2003). Similar to F. heteroclitus,
Cyprinodon variegatus (e.g., sheepshead minnow) is also able to tolerate extremely low
concentrations of dissolved oxygen and has been found to survive in salt marsh pools with
concentrations of 0.5 mg/L by first resting on the bottom or burying itself in sand or silt
and then rising to undergo aquatic surface respiration (Smith and Able, 2003).
Additionally, C. variegatus and Palaemonetes pugio (e.g., daggerblade grass shrimp) have
also been able to acclimate to a similar range for salinity (e.g., 4-35 ppt; de Sylva et al.,
1962) and are eurythermal (e.g., 5-38°C; Anderson, 1985; Hildebrand and Schroeder,
1928). These large animal tolerances in response to disturbance helps these organisms
acclimate to a changing ecosystem.
Placement of dredged material on a salt marsh was proposed to test alternative
methods for its disposal. Knowledge of natural processes, such as storms that deposit
sediment and additional material, was used as a basis for implementation of this idea.
Reimold et al. (1978) first implemented this technique by analyzing the influence of three
dredged materials (e.g., sand, sandy clay, and clay) at several thickness depths. While the
sole purpose of the study was to analyze alternative disposal of dredged material, it
provided information about the reemergence of Spartina alterniflora (e.g., cordgrass) post
thin-layer application. This study found that the stems of S. alterniflora were able to
penetrate through a sediment thickness of approximately 23 cm and, after two growing
seasons, plant biomass in placement areas was similar to undisturbed sites. More
importantly, they discovered that vegetative placement areas that received greater than 60
cm dredged material did not show the reemergence of S. alterniflora and subsequent
planting using plugs was needed to promote revegetation throughout the project site.
Overall, this study discovered that deposition should not exceed the elevational limit of the
existing marsh.
Other salt marsh restoration techniques have involved reestablishing tidal flow,
ditching techniques, elimination of Phragmites australis (e.g., common reed) and
reestablishing oyster reefs. Salt marshes were previously diked and ditched to
accommodate harvesting of salt hay, which resulted in reduced tidal inundation (Portnoy,
1999), reduced salinity regimes (Konisky et al., 2006) and altering salt marsh topography
increasing further marsh pool expansion (Wilson et al., 2009). Various restoration
techniques have been utilized throughout New England to promote fish populations and
enhance ecosystem functions. These research projects determined that access to the marsh
surface and subtidal creeks enhanced fish populations and associated communities (Able
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et al., 2008; Kimball and Able 2007; Raposa and Roman, 2001; Roman et al., 2002, JamesPirri et al., 2002; James-Pirri et al., 2012). Additionally, other studies on the influence of
tidal restoration have analyzed fish assemblages and determined greater fish abundance
two-years post restoration, suggesting tidal restoration was able to increase fringe habitat
among subtidal creek for juvenile nekton (Able et al., 2004). Another restoration approach
is the elimination of P. australis, in hopes of a return to a natural S. alterniflora marsh,
through herbicidal treatment. By removal of P. australis, the marsh surface experiences
greater tidal inundation that influences pools and water filled depressions leading to further
fish habitat utilization and productivity (Able and Fahay, 2010). The result of greater marsh
surface inundation led to cascading effects increasing fish feeding and growth through
greater opportunities for restored predator-prey relationships among intertidal and subtidal
creeks. Lastly, another salt marsh restoration technique involves biological control of
mosquitoes through habitat manipulation. This technique involves modifying internal
marsh habitat to increase predatory fish of mosquitoes through the conversion of salt marsh
grid-ditched drainage patterns to open marsh water management (OMWM) (Barry and
Fish, 1995). The construction aim of OMWM is to connect deep depression habitats with
larger non-tidal and tidal water features, increasing habitat diversity and thus greater
predatory fish abundance and species richness (Talbot et al., 1986). In fact, created marshes
also observed similar tendencies for providing fish habitat and have shown consistent
results in highly urbanized and modified marshes, such as those found in the New Jersey
Meadowlands. This restoration of dredged tidal creeks established new habitat for large
juvenile and adult marsh fishes (Neuman et al., 2004).
To achieve marsh enhancement in this study, a thin-layer of uncontaminated
dredged material is placed over targeted areas of the salt marsh to increase structure and
function with the purpose of removing stress by increased elevation (Ford et al., 1999).
Additionally, dredged material is also placed within large and expanding marsh pools with
the aim of elevating the substrate of benthic sediments and eliminating further degradation
due to outward expansion. Salt marsh enhancement is accomplished by placing a thin-layer
of dredged material on the restored site to increase elevation while maintaining natural
patterns of wetland hydrology and vegetation. Under these conditions’ elevation would
influence tidal regime such as tidal creeks and pool providing edge habitats for adequate
marsh drainage and, sediment supply.

NEKTON COMMUNITY AND HYDROLOGY
Salt marsh nekton communities encompass an array of species that aid and
contribute to the local estuary ecosystem. Nekton are defined as organisms that are freeswimming fish, shrimp, and crabs (Raposa and Talley, 2012). Nekton take advantage of
particular habitats at different life-history stages in salt marshes for foraging, reproduction,
refuge from predation, and overwintering (Litvin and Weinstein, 2003). Utilizing a
multitude of habitats within a salt marsh, nekton communities are able to allocate the
transition of energy to other regions of an estuary. Nekton species are diversified and
abundant within salt marshes providing essential food resources for opportunistic avian
fauna and economically important fishery species (Barbier et al., 2011). Natural salt marsh
degradation and anthropogenic influences have impacted the life-history of estuarine
nekton through the indirect trophic modifications of marsh and benthic primary producers
9

(Litvin and Weinstein, 2003). Upon successful tidal salt marsh restoration, improved
hydrologic and biogeochemical components promote nekton habitat functions and
aggregations associated with high species diversity found with natural salt marsh
ecosystems (Raposa and Talley, 2012).
Salt marsh preservation projects are being implemented in many coastal areas, but
the influence of marsh enhancement efforts on nekton communities is poorly understood
(Roman et al., 2002), particularly for hydrologic changes and its influence on community
structure. Modifying the hydrology and habitat connectivity (e.g., tidal inundation for
marsh pools) can result in degradation of nursery habitats (e.g., marsh pools and tidal
creeks) (Roman et al., 2002). Hydrologic modifications such has increased tidal inundation,
wave energy and other such features including salinity, elevation, sediment characteristics
and surface water pooling can also cause habitat fragmentation that can alter the movement
of materials and species that can cause further degradation to other marine habitats.
Nekton movements and use of the marsh plain and adjacent habitats are controlled
by tidal dynamics, specifically the movement of water through tidal channels and the
movement of water onto and off of the marsh plain. As such, increases to elevation of the
marsh surface and infilling of marsh ditches and pools with dredged material may have an
effect on nekton utilization through alteration or elimination of habitat features. Changes
to other marsh features, including vegetation, carbon cycling, water depth, tidal, diurnal
and even seasonal movement, could also influence habitat use. Given the small magnitudes
of vertical deposition of dredged material and the expected recovery of vegetation,
generalized use of the marsh plain on flood tides will likely result in minor changes. The
infilling of marsh ditches and pools will have the greatest impact to the nekton community.
Given such background, throughout this study I examined three hypotheses:
(1) Nekton densities would initially be negatively influenced through direct
placement of thin-layer material, resulting in habitat disturbance, reductions in
percent cover, and loss of habitats through the in filling of salt marsh pools and
ditches.
(2) Nekton sampling post thin-layer marsh restoration would result in greater
density of fish. I expected the impacts of thin-layer restoration would negatively
influence decapod density compared to fish density as a result of greater
mobility of fish to emigrate and immigrate throughout the marsh surface.
(3) Influences of habitat modifications would allow Fundulids, C varigatus, P.
pugio, and other such nekton species that are more tolerate of salinity and
dissolved oxygen extremes to proliferate post thin-layer marsh restoration.

METHODS
SITE DESCRIPTION
The salt marshes under investigation are situated in Great Sound Bay and in the
Delaware Bay. Both are located in southern New Jersey and are owned by the New Jersey
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Department of Environmental Protection (NJDEP) (Figure 1 and Figure 2). These salt
marshes are comprised of features that allow for the growth, survival and health of
estuarine and juvenile nekton. The most prominent features of these salt marshes included
tidal creeks, ditches, subtidal creeks, marsh pools and the marsh shoreline edge. Placement
of dredged material was accomplished through direct pumping or spraying, depending on
the desired result. These restoration efforts used various placement techniques to increase
salt marsh elevation and several phases that allowed adaptive modifications of the methods
for each successive phase. The first phase is the placement of a thin-layer of material over
an existing salt marsh plain to increase salt marsh elevation and to reduce subsidence. The
second phase is the placement of dredged material in large interior salt marsh pools.
Placement in salt marsh pools allows dredged material to reach an elevation that is similar
to the surrounding marsh surface plain. Thin-layer application at Fortescue was comprised
of a total of 24.44 acres. 22.36 acres comprised the restoration upon the interior marsh
surface with an elevation increase of 1.01-1.22 meters and the other material was used for
the construction of a bayward facing dune of 2.08 acres with an increase in elevation of
1.83 meters. Thin-layer application at Avalon comprised of a total of 51.2 acres with a
target elevation increase of approximately 0.73-0.91 meters. These trial salt marsh
enhancement projects provide an opportunity for analyzing the effects of thin-layer
restoration on salt marsh and estuarine ecosystems. This work was intended to determine
whether or not salt marsh enhancement increases salt marsh elevation and enhances a salt
marsh’s ability to provide adequate flooding. Additionally, restoration efforts were
assessed to determine if ecosystem services such as habitat provision, wave attenuation,
and flood retention were enhanced.
The first site, Avalon, is situated behind a barrier island in southern New Jersey
(Figure 1). A thin-layer application was established on this salt marsh during the winter of
2015 -2016. Monitoring to date was conducted once prior to the thin-layer application
during August of 2015, twice post thin-layer application in August-October 2016 and again
twice in July-August of 2017. The salt marsh at Avalon is approximately 1.74 km from
North to South and 1.06 km East to West with an area of 1.06 square kilometers. This bay
has a microtidal system that is primarily influenced by two barrier island inlets, Townsend
Inlet, which is to the North of the study site and Hereford Inlet, located to the South of the
study site. Other than these two Barrier Island Inlets, there is no other source of surface
hydrology (e.g., river or stream inputs) directly near the study site. Monitoring wells were
installed from approximately June 2015 to January 2016 at five locations around the salt
marsh and indicated mean higher high water (MHHW) at 2.513 m, mean high water
(MHW) at 2.458 m, mean low water (MLW) at -2.288 m and mean lower low water
(MLLW) at -2.457 m. Additionally, dredged sediment at Avalon placed on the marsh plain
and in pools primarily consisted of a mix of sandy substrate (48.5%) and silt (51.5%)
(NJDEP unpublished data).
The second marsh, Fortescue, is situated along the mouth of the Delaware River in
southern New Jersey (Figure 2). A thin-layer application was established on this salt marsh
during the winter of 2015 -2016. Additionally, a bayward facing dune was reconstructed
during winter of 2016-2017 to impede salt marsh degradation by reducing coastal storm
impacts and over flooding of the site. An initial evaluation was conducted prior to the thin11

layer application during July of 2015. Monitoring events occurred twice post thin-layer
application between September-early to November 2016 and twice between July-August
of 2017. Accounting for seasonal differences associated with sampling periods, data for
each year by site were pooled together when sampling occurred over two different seasonal
periods. During this study, it took approximately one week to complete each monitoring
event, which consisted of 40 or more sampling locations per event per marsh location. A
Welch’s two sample t-test for nekton density by event was insignificant for 2016 (t=1.78,
d=148, and p-value=0.078) and was also insignificant for 2017 (t=1.74, d=180.52, and pvalue=0.084) allowing data to be pooled.
The most prominent features of the salt marsh at Fortescue are tidal creeks, marsh
pools, marsh ditches, and the marsh shoreline edge. Historically, this site was extensively
ditched. Marsh ditches are a manmade feature once thought to suppress mosquito
populations and were also used for harvesting salt hay. Marsh ditches pose detrimental
impacts by increasing tidal intrusion (Redfield, 1972). This site is fully connected to the
Delaware Bay that is influenced by both the Delaware River and the Atlantic Ocean. Due
to the location of the site, the greatest hydrologic influence is the downstream transport of
freshwater from the Delaware River, which corresponds with salinity concentrations of
approximately 18.11 ppt. Since no monitoring wells were established at this site, two
months of NOAA tidal data (summer 2015) was used to identify tidal ranges. These data
indicated mean higher high water (MHHW) was at 2.53m and mean high water (MHW)
was 2.19m. Low tide indices were not evaluated due to the position of the tidal transducers,
thus only snapshots of low tide conditions were observed. Additionally, dredged sediment
at Fortescue primarily consisted of sandy substrate (70.7%) with a mix of silt (14.6%) and
clay (14.7%).

NEKTON SAMPLING AND STATISTICAL ANALYSES
Nekton monitoring followed a stratified random sampling design. Predetermined
sampling stations were divided into two categories, unrestored (i.e., controls) and restored
(i.e., experimental) to evaluate the effectiveness of thin layer placement. Then, the four
individual habitat designations were sampled within each of the two salt marshes (Figure
1 and Figure 2). Unrestored locations were identified as locations unaffected by thin-layer
placement, while restored sites included the beneficial placement of thin-layer dredge
material to combat salt marsh subsidence. The site-specific habitats included: 1) marsh
pools, 2) subtidal creeks and/or marsh ditches, 3) tidal creeks and 4) the marsh shoreline
edge. During 2015-2017, 40 or more sampling locations were investigated per sampling
event based on the sampling frequency denoted by James-Pirri et al. (2012), and depending
upon potential influences of placement material during restoration (Figure 1, Figure 2, and
Table 3). The total level of replication throughout this study was 421 samples. Candidate
sample locations were determined prior to fieldwork, but assessed and selected in the field.
Sampling was repeated at the same location during post-placement in 2016 and 2017 given
that placement material had not drastically altered habitat features that would result in areas
without surficial hydrologic activity. If an unrestored sampling location became influenced
by placement material during restoration, it was recategorized as a restored sampling
location. If restoration enhancement altered extant habitats (e.g., habitats that were
unexpectedly influenced by restoration, for instance thin-layer material that breached
12

containment, secondary influencing unrestored habitats), new sample locations were
chosen at random and generated using ArcGIS within affected habitat strata during postplacement sampling events. The number of sample stations varied by each year due to
constraints on the number of sampling events per year and in relation to sites becoming
influenced by dredged material placement.
Nekton were sampled over the course of three years using a standard 1m² throw
trap (Picture 1) with a 1.0 m x 0.5 m dip net to sample large open bodies of water such as
salt marsh pools, tidal creeks and the marsh shoreline edge. Standardized ditch nets were
also constructed and used for sampling the drainage area of narrow tidal channels and
mosquito ditches up to 1.0 m wide with a depth of 1.0 m (James-Pirri et al., 2002, JamesPirri et al., 2012; Neckles et al., 2013). Ditch nets (Picture 2) were standardized with
maximum area of 1m² only as it pertained to the width of the tidal channel or ditch. Data
collection at each of the two sites took approximately one week to complete. Sampling was
foremost based around changes in ebb and flood events. Tidal creeks, ditches/subtidal
creeks, and the shoreline edge were either sampled at approximately the middle of ebb and
flood tides. All habitats, including marsh pools, were not sampled peak flood tide. Overall,
once inundation of the marsh surface occurred, we assumed dispersion of nekton across
the entire marsh surface and not contained within each habitat. Movement around each
marsh was achieved by transferring the marsh parameter by boat and then approaching
each sampling location on foot. Transferring each marsh waders, muck boots, and Mudder
Boots © were readily utilized to safely avoid sinking and injury while sampling each soft
terrain habitat. Water temperature, salinity, pH and dissolved oxygen were taken with a
Hydrolab® Quanta Multi-Probe Meter in concurrence with nekton sampling. It is
important to include that water quality parameters were only taken in salt marsh pools prior
to deployment of the throw trap. Water quality taken prior to sampling in salt marsh pools
was done to minimize disturbance of sediment resuspension. All other water quality
measurements for each habitat (e.g., tidal creeks, subtidal creeks, ditches and the shoreline
edge) were taken after deployment of the throw trap to reduce variability in catch that may
have been caused by any disturbance factor. Before processing of a throw trap with the use
of a dip net, an approximation of vegetative percent cover and a direct measurement of
water depth was evaluated for potential habitat utilization by nekton (Raposa and Oviatt
2000) and have been shown to be particularly important for several reasons. Coastal aquatic
vegetation provides nekton with food resources, while also providing refuge from
predation (Heck and Orth 1980). Numerous studies have reported greater nekton
abundance and species richness in vegetated compared to non-vegetated habitats in
estuaries (Briggs and O’Connor 1971; Weinstein and Brooks 1983; Heck et al. 1989;
Connolly 1994; Raposa and Oviatt 2000), thus restored marshes provide biological and
ecological ecosystem services.
The number of sampling replications was different by year, site, and habitat over
the course of this study between restored and unrestored treatments (Table 1). This
unbalanced design arose during post-processing of the dataset and was primarily due to
unexpected impacts of thin layer material having some level of influence towards
unrestored treatments conditions after salt marsh restoration. Additionally, Fortescue
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underwent two restoration periods during winter 2015-2016 and again in the winter of
2016-2017.
Overall sampling replications at both Avalon and Fortescue from 2015-2017 for
tidal creek habitats favored restored treatments (unrestored = 38 and restored 60; Table
1A), marsh pools habitats slightly favoring unrestored treatments (unrestored = 63 and
restored = 61; Table 1A), marsh shoreline edge favoring unrestored treatments (unrestored
= 64 and restored = 35; Table 1A), and lastly subtidal creek/ditch habitats favoring restored
treatments (unrestored = 47 and restored = 53; Table 1A).
Comparison among site held greater sampling replications at Avalon than Fortescue
for restored treatments, largely due to total area of thin-layer material applied to the marsh
surface. This is readily apparent during year 2015 and 2016 at Fortescue with the marsh
shoreline edge habitat not containing samples (Table 1). Only during 2017 at Fortescue
was the shoreline edge habitat modified by thin-layer material after construction of the
bayward facing dune.
Sampling replications at both Avalon from 2015-2017 for tidal creek habitats
favored restored treatments (unrestored = 19 and restored 35; Table 1B), marsh pools
habitats slightly favoring restored treatments (unrestored = 29 and restored = 41; Table
1B), marsh shoreline edge observed a balanced design for unrestored and restored
treatments (unrestored = 25 and restored = 25; Table 1B), and lastly subtidal creek/ditch
habitats favoring restored treatments (unrestored = 20 and restored = 31; Table 1B).
Sampling replications Fortescue from 2015-2017 contained an unbalanced design
with all habitat treatments favoring unrestored treatments (Table 1C). Overall, tidal creek
habitats favored restored treatments (unrestored = 19 and restored 25; Table 1C), marsh
pools habitats slightly favoring restored treatments (unrestored = 34 and restored = 20;
Table 1C), marsh shoreline edge showed a balanced design for unrestored and restored
treatments (unrestored = 39 and restored =10; Table 1C), and lastly subtidal creek/ditch
habitats favoring restored treatments (unrestored = 27 and restored = 22; Table 1C).
Processing of throw traps consisted of measuring mean water depth using a meter
stick and sweeping a dip net through the throw trap until three consecutive dip net sweeps
yielded a catch of zero nekton. Ditch traps were deployed for at least 30 minutes before
retrieval and processing to allow environmental conditions to stabilize. Additionally, ditch
net sampling area was measured and the abundance of organisms in samples was
standardized to the number per meters squared for comparative purposes of throw trap
densities. Throw trap and ditch net design schematics can be found in James-Pirri et al.
(2012).
Summary statistics on species richness, nekton density and nekton abundance were
calculated based upon habitat sampled. Water quality was only generally assessed (e.g.,
mean ± standard deviation, minimum and maximum values), but was not statistically
assessed due to large variability between site, habitat and year. Fish lengths were measured
for total length, shrimp were measured from the tip of the rostrum to the furthest spine and
14

crabs were measured by the width of their carapace and in the case of blue crabs from the
outermost spine to outermost spine. If coastal vegetation (e.g., macroalgae, marsh grasses
or eelgrass) were found within the sampling trap or ditch net, visual estimates of the percent
vegetation cover of each plant species was quantified to measure habitat availability for
nekton (Raposa and Roman, 2001). Nekton density was calculated as total nekton per unit
area (number of individuals/m2) for both throw traps (Picture 1) and ditch nets (Picture 2).
Area of each ditch net was calculated using discrete measurements for the area of two
irregular triangles of each trap. Dimensions of a triangle were obtained by measuring the
ditch nets width (i.e., parallel to ditch/subtidal creek channel), horizontal length (i.e.,
perpendicular across the ditch/subtidal creek channel) and lastly the diagonal length (i.e.,
hypotenuse, parallel across the ditch/subtidal creek channel) (James-Pirri et al., 2002).
Densities of total fishes, total decapods, and total nekton were analyzed between restored
and unrestored marsh samplings associated with habitat and percent vegetative cover
present within each trap sample. The analyses for densities were conducted using a fixed
two-way analysis of covariance (ANCOVA) with treatment (restored vs. unrestored) and
habitat (e.g., pool, shoreline edge, tidal creek, subtidal ditch) as independent variables and
vegetative cover as the co-variate. As such, all data were log (x+1) transformed to
normalize the data prior to analysis. If significant differences presented themselves, a
pairwise comparison was conducted using a Tukey’s Honestly Significant Difference
(HSD) Test, which has been considered the best method when sample sizes are uneven
(Keppel and Wickens, 2004). To assess the influence of salt marsh enhancement on nekton
communities, we calculated nekton, decapod and fish density and then utilized an Analysis
of Variance (ANOVAs), Analysis of Covariance (ANCOVA), and Tukey’s HSD Test
(lme4 package in R, Bates et al., 2007; R. Core Team, 2013) to compare mean density
among restored and unrestored treatments between habitat factors of marsh pools, the
marsh shoreline edge, marsh ditches, and marsh tidal creeks. Unlike ANOVA, the
ANCOVA included vegetative percent cover to account for habitat modifications and
availability for nekton. A comparison of the nekton community was conducted using a twoway crossed analysis of similarities (ANOSIM) test for treatment and habitat. Prior to
evaluating the ANOSIM, the nekton dataset was square root transformed to remove any
indices for high species abundance. After data transformation, the dataset was again
transformed into a resemblance matrix using a Bray-Curtis similarity output. The ANOSIM
analysis was conducted using Primer (Clarke and Warwick 1994; Clarke and Gorley 2015;
Burdick and Roman, 2012). Additionally, the environmental (i.e., water temperature,
salinity, pH, dissolved oxygen percent cover, and water depth) dataset was normalized (i.e.,
subtracting the mean across all data and then divide by the standard deviation of that
variable (Clarke and Gorley, 2015)) to correlate multiple water quality parameters and
enabled us to generate a principle component analysis (PCA). After the dataset was
normalized, a resemblance matrix was calculated using a euclidean similarity output
(Clarke and Ainsworth, 1993).
Fortescue underwent two restorations one in the winter of 2015-2016 where a thin
layer over the marsh surface was placed and in the winter of 2016-2017, the site underwent
a reconstruction of a preexisting bayward facing dune. Ultimately, this led to the
unbalanced design between year. It is important to emphasize that particular sampling plots
were treated as unrestored during the Winter of 2016-2017, since certain areas of the marsh
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at Fortescue were not impacted by a thin-layer dredged material. These plot locations were
only treated as controls for 2016, until the implementation of the bayward and oceanward
facing dune was constructed in 2017. The total number of sampling sites that were changed
from restored to control in 2016 was 17 sites. Additionally, sampling plots at both salt
marshes that where originally considered unrestored treatment sites became restored
habitats if thin-layer dredged material influenced the sampling plot in any manner.

RESULTS
WATER QUALITY AND ENVIRONMENTAL VARIABLES
Sampling for water quality and environmental variables all occurred concurrently
with nekton sampling. Sampling primarily occurred throughout summer in 2015, 2016, and
2017 and also during fall for 2016. Water temperatures varied by treatment and habitat,
ranging from 7.01-37.55ºC with mean temperatures consisting of 24.99 ± 5.08ºC (Table
2). Among all restored and unrestored habitats, the lowest mean water temperatures were
observed along the restored marsh shoreline edge with temperatures ranging from 15.51 to
30.72ºC, while the habitat with the greatest water temperatures were found in restored
marsh pools 12.23-33.00ºC. Overall restored habitats had a mean water temperature of
25.56 ± 4.65ºC compared to unrestored habitats with a mean water temperature of 24.21 ±
5.52ºC.
Salinity concentrations varied by treatment and habitat ranging from 0-41 ppt with
mean salinity of 24.65 ± 7.74 ppt (Table 2). Among all treatment locations, restored
habitats observed the greatest range 0.02-40.53 ppt compared with concentrations found in
unrestored habitats (10.70-37.07 ppt). Among all restored and unrestored habitat locations,
restored marsh pools observed the greatest range in salinity concentrations 0.02-40.53 ppt
experiencing freshwater, oligohaline, and up to mixoeuhaline seasonal concentrations
nearly forming salt crystallization or brine salt. Overall restored habitats had a mean
salinity concentration of 25.47 ± 8.19 ppt compared to unrestored habitats with mean
salinity concentration of 23.86 ± 7.22 ppt.
pH varied by treatment and habitat ranging from 5.94-9.55 with mean pH consisting
of 7.56 ± 0.57 throughout all the treatment habitats (Table 2). Overall, mean pH
concentrations were relatively similar by treatment with restored treatments 7.61 ± 0.74
slightly greater than unrestored 7.50 ± 0.48 treatments locations. On average, dissolved
oxygen concentrations throughout treatment and habitat ranged from 0.28-14.4 mg/L with
relatively low variability among similar treatment habitats (Table 2). The habitats that
experienced the greatest variability were observed in both restored and unrestored marsh
pools and subtidal creeks/ditches with dissolved oxygen that ranged from 0.28-14.4 mg/L.
At some point or another, these habitats reached particularly lethal dissolved oxygen
concentrations for fish (i.e., less than 2.00 mg/L) or became highly saturated; except for
the marsh shoreline edge habitats in both restored and unrestored treatments. Overall, mean
dissolved oxygen concentrations were relatively similar by treatment with restored
treatments averaging 5.91 ± 2.91 mg/L, slightly greater than unrestored locations at 5.60 ±
2.67 mg/L.
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A principal components analysis was used to interpret environmental conditions associated
with site, treatment, and habitat conditions, which together explained 51.26% of the
variation in the original data set (Figure 3). Through this method, environmental conditions
were interpreted on a dimensional scale, demonstrating direct correlation among
categorical data for site, treatment and habitat type. PC1 explained 29.63% of the variation,
apparently due to differences in water chemistry characteristics, with samples for pH, water
temperature and dissolved oxygen largely associated with positive PC1 scores and samples
for percent cover, water depth and salinity associated with negative scores or show greater
correlations to one another (Figure 3). The separation along PC2 explained 21.63% of the
variation (Figure 3). Variation of PC2 was largely due to marsh shoreline edge and pools
habitats associated with positive scores and tidal creeks and ditches habitats exhibiting
negative scores. Strong correlations between water temperature, pH and dissolved oxygen
were largely influenced by marsh pools. Salinity and percent cover appear to be strongly
correlated to marsh pools and tidal creeks and the shoreline edge within unrestored habitats.
Correlations towards salinity concentrations and percent cover likely implies modifications
of salinity occurred throughout this study. There did appear to be a profound distinction
between environmental variables associated with clustering by site. Additionally, treatment
categories did not appear to have greater randomized clustering with restored and
unrestored treatments. Overall, PC1 accounts for most of the variance, and the first
eigenvector has both positive coordinates, implying that dissolved oxygen, water
temperature and to a lesser extend pH are correlated to one other, while percent cover,
salinity and to a lesser extend water depth show greater correlations.
Percent Cover within treatment habitat experienced some of the more drastic
modifications from pre-restoration in 2015 to post restoration during 2016 and 2017. Marsh
pool habitat for restored treatments observed a complete loss of Ruppia maritima (widgeon
grass) vegetation with an mean of 100% in 2015 to 0% in 2016 and 2017. Additionally,
Ulva sp. observed declines in percent cover both years following restoration from a mean
of 30% in 2015 to 0% in 2016 and 2017. However, Ulva sp. percent cover did increase by
17% in restored tidal creek habitats from 2% in 2015 to 12% in 2016. Two years postrestoration Ulva sp. observed an additional increase of 13% in mean percent cover for
restored tidal creeks from 12% in 2016 to 15% in 2017. Changes for percent cover for
Spartina alternifora in restored tidal creeks observed a 20% decrease the first year after
restoration from 40% in 2015 to 8% in 2016. However, Spartina alternifora observed a
44% increase in restored tidal creeks the second-year post-restoration from 8% in 2016 to
18% in 2017. In restored marsh shoreline habitats for red algae (Gracilaria sp.) observed
a 17% increase the first year after restoration from a mean of 1% in 2015 to 6% in 2016.
However, no change was observed for red algae percent cover during the second postrestoration in 2017.

NEKTON COMMUNITY CHARACTERISTICS
Seven decapod taxa were collected in salt marshes between 2015-2017 (Table 3).
The seven-decapod species included P. pugio, Carcinus maenas, Crangon septemspinosa,
C. sapidus, Panopeus herbstii, Uca pugnax and Eurypanopeus depressus. Five of these
decapod species observed relatively low density with an abundance less than 55
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individuals, comprising only 0.6% of the entire nekton community. The decapod species
with the greatest densities included P. pugio (43%) and C. sapidus (1.6%) among both
restored and unrestored treatment sites. Decapod densities from 2015-2017 were greater in
unrestored compared to restored treatment locations (0.77 ± 0.05 vs. 0.53 ± 0.05
individuals/m2 Tukey p < 0.003; Figure 4). Differences among unrestored and restored
treatments did not indicate significant differences pre-restoration (Tukey p = 0.166; Figure
4) or at the one-year post-restoration mark (Tukey p = 0.090; Figure 4). A major difference
in decapod densities occurred during 2017, with unrestored marshes showing significantly
greater densities than restored treatment sites (Tukey p < 0.001; Figure 4). The habitat
largely impacted by restoration one year after restoration was marsh pools (0.91 ± 0.13 vs.
0.29 ± 0.11 individuals/m2; Tukey p < 0.001; Figure 4). All other habitats were slightly
impacted, however there was no significant relationship detailing differences among
restored and unrestored treatments for subtidal creek/ditches, marsh shoreline and tidal
creeks. Two years post restoration, decapods showed significantly lower densities in
restored compared to unrestored marsh pools (0.71 ± 0.15 vs. 0.12 ± 0.05 individuals/m2;
Tukey p < 0.001; Figure 4). In addition, significantly fewer decapods were present in
restored marsh shoreline edge habitats compared to unrestored (1.17 ± 0.18 vs. 0.40 ± 0.10
individuals/m2; Tukey p < 0.001; Figure 4). Although both subtidal creeks/ditches (Tukey
p = 0.027; Figure 4) and tidal creeks (Tukey p = 0.398; Figure 4) observed lower densities
in restored compared to unrestored marshes, they were not significantly different.
Twelve fish taxa were collected between 2015-2017. The 12 fish species included
F. heteroclitus, F. majalis, Lucania parva, Menidia mendia, C. variegatus, Gobiosoma
bosc, Mugil cephalus, Micropogonias undulates, Pogonias cromis, Brevootia tyrannus,
Syngnathus fuscus and Trinectes maculatus. Most of the fish observed had relatively low
abundance, with less than 43 individuals for seven species, comprising only 0.3% for the
nekton community. The fish species with the greatest densities included P. pugio (43.3%,)
F. majalis (18.1%), F. heteroclitus (18.0%), C. variegatus (8.3%), M. menidia (6.6%),
Lucania parva (3.1%). Fish densities from 2015-2017 were significantly greater in
unrestored compared to restored treatment sites (0.97 ± 0.55 vs. 0.77 ± 0.05 individuals/m2;
Tukey p < 0.024; Figure 4). Differences amongst unrestored and restored treatments did
not indicate significant differences pre-restoration (Tukey p = 0.182; Figure 4) and the
first-year post-restoration (Tukey p = 0.595; Figure 4). The major impact to fish densities
occurred during 2017, two years post restoration, with unrestored sites having significantly
greater densities than restored treatment sites (Tukey p < 0.001; Figure 4). Pre-salt marsh
restoration mean density of fish by habitat were all similar among restored and unrestored
treatments. After the first-year post restoration, mean fish density observed an insignificant
increase for restored tidal creeks, however mean density for restored tidal creeks noticed
much greater mean density compared to unrestored tidal creeks (0.71 ± 0.19 vs. 1.16 ± 0.15
individuals/m2; Tukey p = 0.089; Figure 5). Mean density of fish in subtidal creeks/ditches
also observed an increase in restored habitats, however that habitat did not incur a
significant difference. Marsh pools and marsh shoreline edge habitats observed an overall
decrease in restored treatments; however, marsh pools were the only habitats which
observed a significant change (1.34 ± 0.10 vs. 0.48 ± 0.12 individuals/m2 Tukey p < 0.001;
Figure 5). Two-year post restoration mean density observed decreases among all four
restored habitats. However, the only habitat that observed a significant change was for
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restored marsh pools (0.97 ± 0.22 vs. 0.53 ± 0.11 individuals/m2; Tukey p < 0.001; Figure
4).
A total of 12 fish and 7 decapod species was collected throughout this study at both
the Avalon and Fortescue salt marshes in marsh pools, creeks, the shoreline edge and in
ditches with an overall total of 19,265 nekton individuals collected. The nekton community
was primarily comprised of three dominant species (P. pugio, F. majalis and F.
heteroclitus). Other important secondary nekton species included C. variegatus and M.
menidia. Initially, P. pugio was the dominant species found within restored tidal creeks,
marsh pools and along the shoreline edge during the 1st pre-restoration year. Throughout
restored subtidal creeks/ditches, F. majalis and P. pugio were again the dominant species
throughout these habitats. Additionally, during the 2nd pre-restoration year, habitats varied
by dominant nekton species. Overall P. pugio was the dominant nekton species found
throughout restored tidal creeks and along the marsh shoreline edge and F. majalis was the
dominant nekton species collected throughout restored marsh pools and subtidal
creeks/ditches. Examining specific habitat changes among nekton density, the habitat
largely impacted by restoration one year after restoration was marsh pools (1.59 ± 0.09 vs.
0.69 ± 0.14 individuals/m2; Tukey p < 0.001; Figure 5) with an overall significant
difference among unrestored and restored habitats. Two years post-restoration both subtidal creeks/ditches (1.33 ± 0.18 vs. 0.54 ± 0.11 individuals/m2; Tukey p < 0.027; Figure
5) and marsh shoreline habitats (1.33 ± 0.18 vs. 0.54 ± 0.11 individuals/m2; Tukey p <
0.001; Figure 5) experienced the greatest significant change after restoration. Although
marsh pools (1.51 ± 0.13 vs. 0.65 ± 0.13 individuals/m2; Tukey p < 0.001; Figure 5) were
impacted two years post-restoration, F. majalis density was not drastically impacted from
the first to second post restoration year. Overall the habitats that experienced the greatest
change were marsh pools, subtidal creeks/ditches, and tidal creeks. The marsh shoreline
edge appeared to observe equal nekton density between restored and unrestored treatments
after restoration.
Prior to salt marsh enhancement and under baseline conditions in 2015, mean
nekton in marshes to be restored had greater densities compared with unrestored, control
sites (68.76 ± 11.76 vs. 36.13 ± 7.94 individuals/m2; ANCOVA, p < 0.01; Table 3 and
Table 4). This was primarily a function of the greater abundance of P. pugio and F. majalis.
The greater abundance of M. mendia was likely influenced by the uneven number of tidal
creek habitats sampled for restored and unrestored treatment sites. This relationship in 2015
changed drastically after the first year of salt marsh restoration with mean nekton density
becoming nearly identical among the two treatment sites. Mean nekton density in 2016 for
restored treatment sites were slightly greater than unrestored treatment sites (56.74 ± 16.18
vs. 54.21 ± 8.07 individuals/m2; ANCOVA, p = 0.021; Table 3 and Table 4). These two
treatment sites under highly disturbed situations are likely creating greater opportunities
for mobile fishes such as F. majalis, which were observed swimming in relatively large
schools at high tide events in the restored marsh plain. However, restored sites also had
double the variability as unrestored sites. In 2017, two years after restoration, restored sites
showed a marginal decrease in density when compared to other years. Overall, within
restored treatment sites mean nekton density observed the greatest decrease by nearly half
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of 2016 densities (Table 3). Total nekton species richness was also lower in restored sites
compared to unrestored sites.
In order to interpret the main interactions resulting for treatment and habitats, an
ANOSIM and PERMANOVA were conducted. After establishing significant pairwise
differences among treatments and sites, a two-way crossed ANOSIM evaluated significant
difference among treatment (R=0.229, p < 0.001, Table 6) and habitat (R=0.034, p < 0.021,
Table 6). Interpreting the mean R value from the ANOSIM model indicated that although
both levels were low in separation from each other (i.e., closer to 0 than to 1), habitat
showed greater separation between restored and unrestored treatment factors. However, a
more versatile PERMANOVA did observe a significant difference among habitat condition
(df=3, SS(III)=1.45E+05, PseudoF=18.122, and p = 0.001; Table 8), however no
significant relationship for treatment (df=1, SS(III)=4218, PseudoF=1.582, and p = 0.138;
Table 8) or an interaction effect among treatment and habitat (df=3, SS(III)=12038,
PseudoF=4013, and p = 0.058; Table 8). These results indicate that the two factors may
only be slightly correlated, or possibility be confounding results, particularly as a nested
interaction for habitat types within treatments. Identifying, dissimilarity among treatment
and habitats a pairwise comparison was conducted using our two-way ANOSIM model.
Through this analysis no two habitats indicated significant values and high separation
between one another (i.e., mean R closer to 1), pool habitats resulted in habitats that were
most dissimilar to the shoreline edge (R=0.305, p=0.001; Table 8) and that the shoreline
edge was the most dissimilar to subtidal creeks/ditches (R=0.296, p=0.001; Table 6 and
Table 7) while the tidal creeks were most similar with the shoreline edge (R=0.132,
p=0.001; Table 7) and subtidal creeks/ditches (R= 0.147, p=0.001; Table 8).
Nekton length among individual species did have perceivable differences between
restored and unrestored treatments. The most noticeable differences in species length
occurred between F. heteroclitus (34.56 ± 12.63mm vs. 38.56 ± 15.07mm; Table 5), F.
majalis (33.51 ± 10.33mm vs. 36.73 ± 13.77mm; Table 5) and C. sapidus (23.25 ±
23.81mm vs. 25.42 ± 30.46mm). Minimum and maximum sizes did have a similar length
range structure for F. heteroclitus (11-106mm vs. 9-110mm; Table 5) and C. sapidus (3140mm vs. 4-149mm; Table 5), but greater variability among F. majalis (11-81mm vs 14105mm; Table 5). Nekton species with similar mean lengths were associated with Lucania
parva (21.63 ± 5.45mm vs. 21.72 ± 6.42mm; Table 5), P. pugio (25.37 ± 7.63mm vs. 25.52
± 7.80mm; Table 5), and C. variegatus (28.02 ± 7.98mm vs. 28.68 ± 9.09mm; Table 5).
Lucania parva and C. varigatus had minimum and maximum length values that did not
drastically deviate between unrestored and restored treatments. P. pugio however,
observed greater maximum lengths within restored compared to unrestored treatments.
However, length data was minimally collected and therefore was not analyzed further.
When analyzing species between year, habitat, and between restored and unrestored
treatments noticeable changes in length were apparent (Figure 6 and 7). Habitats for
restored treatments that showed changes in length of C. variegatus were marsh pools and
tidal creeks two-years post-restorations. Both restored marsh pools and tidal creeks for C.
variegatus in 2017 observed a bimodal trend for decreased lengths compared with only one
prominent distribution for unrestored treatments. Marsh pools for tidal creeks in 2017 had
20

a bimodal trend at approximately 10 mm and again at 25 mm for restored treatments
(Figure 6 and 7). Restored tidal creeks on the other hand had a bimodal trend in length at
approximately 20 mm and 30 mm for C. variegatus (Figure 6 and 7). F. heteroclitus unlike
most other nekton species appeared to observe changes in length distributions among all
four habitat types. Within marsh ditches, F. heteroclitus observed an increase in length
distribution to approximately 40 mm one year follow restoration, however two years post
restoration witnessed a length distribution to 30 mm closer to those observed during 2015
(Figure 6 and 7). The marsh shoreline edge observed particular noticeable differences
between restored and unrestored treatments post restoration. The first-year post restoration
F. heteroclitus in restored marsh shoreline edge habitats observed a bimodal distribution
at approximately 20 mm and 55 mm (Figure 6 and 7). Smaller lengths appeared to be
similar to unrestored length, however a secondary distribution in restored treatments had
pronounced greater lengths than restored marsh shoreline edge habitats. Additionally,
during 2017 there was a complete lack of F. heteroclitus among the restored marsh
shoreline. F. heteroclitus for marsh pools did not appear to have much variance in length
between restored and unrestored treatments with lengths approximately between 25-30 mm
(Figure 6 and 7). The only change for F. heteroclitus appeared to have be a greater length
distribution for unrestored in 2016 slightly favoring smaller lengths. F. majalis unlike F.
heteroclitus held similar length distributions between restored and unrestored habitat. The
greatest variance in length observed for F. majalis were in restored marsh shoreline
habitats. Lengths for F. majalis the 1st and 2nd post restoration years saw a distinct bimodal
trend during each year. The 1st post restoration year F. majalis saw lengths at
approximately 30-40 mm, while during the 2nd post restoration year lengths decreased to
roughly 20-30 mm (Figure 6 and 7). Patterns of length distribution for unrestored marsh
shoreline habitat only observed singular distributions, although overall length did decrease
following restoration. M. menidia length distributions for marsh shoreline edge habitats
observed a progressive decrease in length throughout each year within restored treatments
going from a bimodal trend in 2015 at approximately 30 mm and 60 mm to 30 mm in 2016
and then to 25 mm in 2017 (Figure 6 and 7). M. menidia witnessed a drastic change in
length for restored marsh pools change one-year post restoration with no M. menidia
sampled. Length distribution of M. menidia appeared to equilibrate back to baseline lengths
in restored marsh pools two-year post restoration incurring a bimodal distribution at 25-30
mm, similar to lengths observed pre-restoration (Figure 6 and 7). Lastly, P. pugio did not
appears to have much change in length distribution among habitat and treatment. The only
noticeable changes in lengths for P. pugio were identified within restored marsh pools and
tidal creeks. Initially following restoration, lengths for P. pugio decreased from
approximately 25 mm to 12 mm in restored treatments for marsh pools (Figure 6 and 7).
This was definitively different between treatments with unrestored containing greater
lengths than restored. Two years post restoration lengths for P. pugio developed a bimodal
trend favoring individuals with greater lengths similar to unrestored treatment marsh pools
at lengths of 25 mm (Figure 6 and 7). A second distribution for smaller lengths was
pronounced at approximately 12mm and was not apparent within unrestored marsh pools
during 2017 (Figure 6 and 7).

DISCUSSION
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Through this study, I discovered that thin-layer salt marsh restoration decreased
fish, decapod, and total nekton density throughout both sites during the 1st and 2nd post
restoration years, but an increase of fish density at Fortescue was identified the 1st year
post-restoration. Additionally, the majority of habitats during the 1st and 2nd post restoration
years also saw density decreases for fish, decapods, and total nekton. As was expected,
increased densities of individual nekton species were observed for fishes such as F.
heteroclitus, F. majalis, and also M. mendia the 1st year post restoration when compared to
unrestored treatments. However, no nekton species during the 2nd year post restoration
noticed an increased when compared to unrestored treatments.
As was expected, water quality did greatly influence the types and densities of
organisms in salt marshes. Also, thermal tolerances, both high and low, can negatively
impact individuals. During the winter, minimum water temperatures were observed in
October and November 2016 (Table 2), but did not reach the degree of winter mortality
associated C. variegatus and F. heteroclitus whom can withstand temperatures as low as 1.4°C (Able and Curran, 2008; Schwartz, 1964). Additionally, many nekton species will
utilize marsh pools during the winter to avoid the water temperature variability associated
with subtidal creeks (Smith and Able, 1994). The greatest water temperatures were
recorded in July and August 2015, and these values approached the thermal limits for
several taxa. Fundulus can withstand water temperature fluctuations from 6-35°C, but can
recover from water temperature exposures of 40-42°C (Altman and Dittmer, 1966). Results
from this research indicate that while these thresholds were observed in pools, adjacent
habitats were below these thermal maximums. C. sapidus upper temperature tolerance for
juveniles is 33°C and their capacity to bury themselves within substrates allows for greater
tolerance to cold weather conditions (Music, 1979). Throughout our study C. sapidus were
observed within marsh pools and ditches no greater than 31.78°C limiting marsh pools and
ditches above those thresholds. Temperature thresholds for M. menidia have been recorded
to range from 10-36°C (de Sylva et al., 1962) with most individuals avoiding temperatures
greater than 30°C (Shuster, 1959). During our study M. menidia were found within marsh
pool and ditches greater than 30°C, however only 3 out of 25 samples contained presence
of M. menidia. Overall, M. menidia were not found in water temperature any greater than
31.37°C. P. pugio are eurythermal organisms that tolerate water temperatures ranging from
5-38°C with optimal temperature range between 18-25°C (Christmas and Langley, 1973).
Again, similar to M. menidia, P. pugio were not sampled in marsh pools and ditches if
water temperature exceeded 31.37°C. Unrestored and restored marsh pool habitats
experienced inflated water temperatures associated with water depth, water volume, and
greater residence time. They were also strongly influenced by solar radiation and ambient
air temperature. Restored marsh pools during these conditions observed drastically greater
water temperature fluctuations due to their loss of vegetated plant cover from decreased
water depths and reduced intertidal flooding. This change in pool depth and wide
temperature fluctuations could help explain why there were fewer nekton in the restored
marsh compared to the unrestored marsh (Figure 3).
Most nekton species are adapted to experiencing a range of salinity conditions (i.e.,
10-40 ppt) within salt marsh ecosystems, but some can tolerate salinities ranging from 0.00142.4 ppt (Anderson, 1985; Springer and Woodburn, 1960). However, depending on life
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history and/or size classes for individual species, these low and high extremes of salinity
have been shown to be lethal. F. heteroclitus for example can tolerant a drastic range in
salinity concentration ranging from fresh to 120.3 ppt for their upper tolerance limits, but
generally thrive under low salinity conditions (Abraham, 1985) compared to F. majalis that
will rarely be observed entering freshwater (Rosen, 1973). During this study marsh pools
did encounter salinity concentrations associated with freshwater, likely from atmospheric
deposition and it was noted that Fundulus sp. would transit the restored marsh surface
among flood event in schooled aggregations and would dissipate upon the ebbing tide. M.
menidia salinity tolerance is unknown, but laboratory studies have shown that survival rates
were greater at 30 ppt than 20 ppt (Middaugh and Lempesis, 1976). Similar to F.
heteroclitus, C. variegatus initiates spawning activity during sudden drops in salinities but
can withstand salinities ranging from 0.08 to maximum salinities of 142.4 ppt (Simpson
and Gunter, 1956; Springer and Woodburn, 1960), but generally preferring 20 ppt (Kilby
and Caldwell, 1955). Salinity limits for P. pugio range from 1-55 ppt for adults and 3-31
ppt for juveniles (Anderson, 1985). While variations in salinity are expected in tidal
marshes, the extremely low and high salinities observed in the restored marsh (Table 2 and
Table 3) may have led to the reduced densities of invertebrates seen in the years post thinlayer placement, particularly within marsh pools. This trend is apparent among P. pugio
lengths in restored marsh pools during 2017 (Figure 7), showing a bimodal distribution
with a dominant peak at approximately 25mm and the other smaller peak at 15mm. Smaller
individuals in marsh pools under constraints of greater salinity variability may negative
impacting growth rate for P. pugio (Anderson, 1985).
While salinity fluctuation may impact certain taxa, anoxic conditions can be
detrimental to all living organisms. Anoxia was observed in unrestored tidal creeks and
marsh pools, and in restored subtidal creek/ditches, tidal creeks and marsh pools, but as a
whole, mean dissolved oxygen displayed highly oxygenated conditions for all treatments
and habitats (Table 2 and Table 3). Habitats that experienced high dissolved oxygen
concentrations were likely caused by photosynthetic microorganisms, particularly in
restored and unrestored marsh pools. Loss of redox potentials in restored marsh pools could
have caused oxidation, which also could have led to increased densities of phytoplankton
and bacterial communities with elevated nutrients that were essentially unavailable to
aerobic environments post-salt marsh enhancement. Nekton found within habitats that
experience anoxia during the summer months emigrate out of these habitats for more
optimal conditions (Mendelssohn et al., 2017). If tidal inundation was not able to penetrate
certain restored habitats, it may be expected that certain nekton species would perish due
to environmental stress. It is also expected that Fundulids and Cyprinodontoids (i.e., C.
variegatus) are able to increase their survival rate in conditions of low dissolved oxygen,
due to their terminal mouth morphology that allows them to break the water surface tension
and breathe atmospheric oxygen. Additionally, behavioral changes could be observed in
smaller lengths or young of the year of C. variegatus that were found in restored marsh
pools and could perhaps indicate their habitat preference for silty substrates with their
ability to bury themselves in sediments. Able and Fahay (1998) witnessed that individuals
of lengths 15-19 mm were found to bury themselves in sand and silt with a greater tendency
towards silty substrates. Observing this species in restored marsh pools could be a strong
indication for reestablishment of fish in these habitats, especially as post-restoration
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conditions begin to stabilize. Additionally, optimal habitat preference for juvenile crabs
includes shallow salt marsh habitats with detritus, mud, and mud-shell substrates that
provide essential nursery habitats (Adkins, 1972). The occurrence of smaller lengths of C.
variegatus in restored marsh pools and tidal creeks experienced stress related environments
allows these individuals the ability of withstanding lower dissolved oxygen concentrations.
Levels of anoxia makes these habitats particularly stressful and can ultimately reduce the
overall nekton assemblage. Some implications of anoxia influenced habitat use for C.
sapidus and M. menidia. Overall C. sapidus was not readily observed in waters when
dissolved oxygen was less than 1.24 mg/L and M. menidia were not present in habitats
containing dissolved oxygen less than 1.75 mg/L. Observations of low dissolved oxygen
concentrations in subtidal creeks could be a result of reduced mixing. Reduced mixing
could potentially be caused by wind stress caused from vegetative cover by S. alternifora,
but overall dissolved oxygen concentrations are not in an anoxic state where it could
impose habitat degradation.
Monitoring nekton population dynamics before and post thin layer salt marsh
restoration allowed me to analyze community changes associated with fish, decapod and
total nekton. Through my analysis at both sites, mean fish, decapod and total nekton
experienced an overall decrease in density post-restoration relative to thin-layer placement;
except for decapod density throughout the first post-restoration monitoring which observed
a slight increase compared to pre-restoration conditions. Among habitats, both fish and
decapods experienced an overall decline in density within marsh pools both years after
restoration. Two years post restoration both fish and decapods experienced an overall
decrease in density throughout all four habitat criteria. However, only marsh pools for both
fish and decapods as well as the marsh shoreline edge experienced significant density
decreases when compared to restored habitats. The most interesting interactions among
habitats were density increases for fish the first-year post restoration within subtidal
creeks/ditches and tidal creeks and signs of density resurgence of the fish species M.
menidia two years post restoration. My results suggest that salt marsh thin-layer placement
does indeed impact nekton habitat use, with habitat features becoming lost for nekton,
particularly the fish species F. heteroclitus during the initial construction phase creating
refuge from predation for grass shrimp. As a result, greater mean decapod density was
found post restoration suggesting that the presence of P. pugio could represent an early
successional species. The occurrence of greater densities of P. pugio could have likely been
providing transportation of detritus, which in turn would directly alter infauna community
structure (Bell and Coull 1978; Knieb and Stiven 1982). The transition to F. majalis from
F. heteroclitus does appear to be correlated, since decapod shrimps do not comprise a prey
item for F. majalis, but do for F. heteroclitus (Able and Fahay, 1998). Such relationships
were observed by Kneib and Stiven (1982), who witnessed declines of P. pugio due to
predation by F. heteroclitus, and resulted in significant changes to infauna composition.
Despite a large-scale decrease in mean density for total nekton, placement of thinlayer dredged material successfully increased salt marsh elevation and allowed for
appropriate hydrodynamic properties for targeted biota. Although targeted elevations were
successful, the loss most associated with thin-layer placement was vegetative cover at both
Avalon and Fortescue. This could be one explanation for a reduction in nekton densities
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two years after restoration. Plantings of Distichlis spicata, S. patens and S. alterniflora
were established only within restored habitats at both Avalon and Fortescue during 2017,
but have yet to be assessed as to their influence on nekton density. The number of
herbaceous plant material planted was based on a planting density of 3 feet on center.
Habitats that observed the greatest modification in vegetation after restoration were marsh
pools and subtidal creeks/ditches. Restored marsh pools observed a complete loss of
Ruppia maritima (widgeon grass) from 100% in 2015 to 0 in 2016-2017. Additionally, a
mean reduction of 8% in 2016 to 18% in 2017 of S. alterniflora was observed among Tidal
Creeks habitats. Restored tidal creeks observed the greatest increase in vegetative species
diversity from three species (e.g., S. alterniflora, Ulva spp., Gracilaria spp.) during 20152016 to near even distribution with the addition of a forth species American Perennial
Glasswort; Salicornia spp. found in 2017. Early succession of Salicornia spp. could likely
suggest that at both Avalon and Fortescue restored sites potentially increased
evapotranspiration, directly translating to increased salinity concentrations derived in soils.
If soil salinity was indeed elevated, greater constraints to nitrogen availability might be
present. Ryan and Boyer (2012) found that regardless of elevated salinity, nitrogen inputs
allowed Salicornia spp. to double their biomass in tidal creeks and among the marsh plain
increasing its overall dominance over Distichlis spicata. In addition, previous studies have
found that C. variegatus and Lucania parva selectivity favored vegetated marsh pools (e.g.,
Ruppia maritima) compared to non-vegetated marsh pools (Smith, 1995). F. majalis and
C. variegatus were found residing and often times burrowed within restored unvegetated
marsh pools at Avalon that contained large quantities of silt, two years post-restoration.
Although these two-fish species are utilizing restored marsh pool habitat, their density
varied widely from pool to pool. Through general observations, this variability in density
between restored marsh pools could be a result of sediment substrate, depth, or tidal
restriction and even seasonal movement patterns.
Habitat changes incorporated through the placement of sediment composition and
characteristics resulted in individual nekton species varying their habitat selectivity and
preference. Knowlton et al. (1994) tested substrate preference on P. pugio and found that
this species prefers mud over sandy substrates. Correlations to habitat preference could
potentially influence the distribution of P. pugio to habitats that consist of high quantities
of mud substrates, such as the marsh shoreline edge and tidal creeks in unrestored
treatments, but would also influence their choice of restored marsh pools with higher silt
concentrations. Along with sediment preferability, introduction of new sediment can also
increase or decrease available detritus. Welsh (1975) found that P. pugio diet primarily
consists of detritus and this would explain the increase of mean decapod density following
thin layer placement across the marsh surface with 51% of the thin layer material at Avalon
and 14.6% of the material at Fortescue consisting of silt. Although P. pugio observed
increased mean density following restoration, a potential cause for the decline of P. pugio
two years post restoration could be attributed to the loss of vegetative material and lack of
protective cover throughout the marsh surface. Similarly, C. sapidus juveniles and
megalopa frequently occupied habitats containing Ruppia maritima and generally had a
greater response towards mud over sandy substrates as shown from 2017 density
differences between unrestored and restored treatments. This was likely in part due to
intraspecific and conspecific habitat-specific predation during post-settlement survival.
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Moksnes (2002) and van Montfrans et al. (2003) found that settlement among megalopae
shoreline crabs did not appear to be able to differentiate among structurally complex
habitats. Overall, habitats with sandy substrates were found to be areas least utilized. These
densities were most influential among the marsh shoreline edge and tidal creek habitats.
On the other hand, the construction of the near 100% sandy bayward facing dune at
Fortescue corresponded to increased Crangon septemspinosa (sand shrimp) density along
the shoreline edge, which is a habitat comprised of sandy substrates preferred by this
species.
In addition to decapods, utilization of restored habitats for fish was influenced by
substrate differences and to a greater extent, marsh elevation and hydroperiod. Upon flood
tides two years post restoration, M. menidia had begun increasing in density after the initial
restoration. Also, during flood tides F. majalis generally preferred sandy substrates
compared with F. heteroclitus, suggesting that F. majalis are of greater importance in
unvegetated intertidal salt marsh flats (Peterson and Peterson, 1983). It is possible that the
two fundulid species are found on a multitude of substrates, but F. heteroclitus prefer mud
substrates while F. majalis tend to prefer sandy substrates (Abraham, 1985). The
preference of F. heteroclitus for mud substrates may reflect a preference for vegetation
such as Spartina spp., widgeon grass, and even sea lettuce as cover. Alternatively, F.
majalis have been shown to be the most important species on unvegetated intertidal flats
(Abraham, 1985; Peterson and Peterson, 1983). This substrate localization is likely
associated with their reproductive, life history, or foraging requirements upon the marsh
surface. F. heteroclitus eggs are deposited on vegetation and algal mats found in and
around marsh pools (Able and Fahay 2010). While striped killifish spawning occurs over
sandy substrates around shallow intertidal pools. Laboratory experiments have found that
F. heteroclitus do indeed bury themselves in silty over sandy substrates, particularly during
wintertime conditions (Able and Fahay 2010; Chidester, 1916). Similarly, increased
density of C. variegatus observed in restored marsh pools containing silt suggest that both
C. variegatus and F. heteroclitus show similar habitat/sediment preferences.

CONCLUSIONS
Salt marsh restoration can create changes to the hydrology, water quality and flow
regime of the marsh. Prior to salt marsh enhancement, both salt marshes studied were
experiencing intertidal inundation and fragmentation. These abiotic impacts were causing
marsh pools and ditches to expand, further degrading the integrity of the coastal salt marsh.
Utilization of thin-layer placement can provide an appropriate method for restoration if a
salt marsh is severely degraded or ditched, especially if it has begun internally fragmenting
from increased hydrologic retention, which transitions into complete loss of high marsh
habitat. Infilling utilizing dredged thin-layer placement under these constraints, such as
those observed at Fortescue, would likely be appropriate to limit large-scale peat
fragmentation and thus salt marsh degradation. However, through this project it is unknown
if infilling of large salt marsh pools is beneficial to reduce salt marsh degradation.
Complete infilling of salt marsh pools resulted in drastic impacts on the nekton community
as a whole. Two years post-restoration, substantially fewer species and individuals were
observed in the ‘restored’ marshes compared to the control/unrestored portions of these
marshes. However, under these conditions two years post-restoration may be too soon to
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observe any large-scale improvements to restored marsh pools. Moving forward, future
projects should help maintain salt marsh pools within restored sites, to ensure a range of
habitats necessary for marsh function and relevant ecosystem services they provide. Marsh
pools may be most effective if kept on the periphery or closer to the shoreline edge near
tidal creeks, away from large open water features that experience frequent and high wave
action, which could destabilize them. The presence of marsh pools may also be beneficial
overtime if greater sediment is placed on the marsh surface. Natural tidal inundation and
transport of placement material into marsh pools and adjacent habitats could enhance their
value for the nekton community in the future. Restoration projects that ultimately perform
infilling of marsh pool expansion without identifying key hydrologic functions may only
be partially or temporarily regulating the overall cause of degradation. A better
methodology may be to target thin-layer restoration for marshes experiencing pool
expansion due to influences of ditching as was observed at Fortescue, which was shown to
be moderately successful in holding proportional nekton densities between restored and
unrestored treatments. Focusing thin-layer restoration towards marshes with heavily ditch
habitats instead of infilling of expanding marsh pools would help normalize hydrology.
Ditch habitats ultimately demonstrate areas of sediment sink and take away from sediment
deposition that would normally be distributed elsewhere on the marsh surface. This
improvement would increase overall marsh drainage and illustrates the importance of
alleviating sea level rise now and in future years.
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TABLE 1. SAMPLING REPLICATIONS AT (A) AVALON AND FORTESCUE, (B) AVALON, AND (C) FORTESCUE FOR 2015, 2016, 2017 AND 20152017
Avalon and Fortescue

(A)

Treatment

Habitat

Tidal Creek
Pool
Unrestored
Marsh Shoreline
Subtidal Creek/Ditch
Tidal Creek
Pool
Restored
Marsh Shoreline
Subtidal Creek/Ditch

2015

2016

8
13
15
10
12
7
5
9

10
28
29
20
20
22
10
20

Avalon

(B)

Treatment

Habitat

Tidal Creek
Pool
Unrestored
Marsh Shoreline
Subtidal Creek/Ditch
Tidal Creek
Pool
Restored
Marsh Shoreline
Subtidal Creek/Ditch

2015

2016

3
5
5
4
7
5
5
6

6
12
10
8
14
18
10
12

Fortescue

(C)

Treatment

Habitat

Tidal Creek
Pool
Unrestored
Marsh Shoreline
Subtidal Creek/Ditch
Tidal Creek
Pool
Restored
Marsh Shoreline
Subtidal Creek/Ditch

2015

2016

5
8
10
6
5
2
0
3

4
16
19
12
6
4
0
8

Year

Year

Year

2017

2015-2017

20
22
20
17
28
32
20
24

38
63
64
47
60
61
35
53

2017

2015-2017

10
12
10
8
14
18
10
13

19
29
25
20
35
41
25
31

2017

2015-2017

10
10
10
9
14
14
10
11

19
34
39
27
25
20
10
22
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TABLE 2. MEAN ± STANDARD DEVIATION, MINIMUM AND MAXIMUM WATER QUALITY CHARACTERISTICS IN CREEKS, POOLS, SUBTIDAL
CREEKS/DITCHES AND THE SHORELINE EDGE AT AVALON AND FORTESCUE, NJ 2015-2017.
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TABLE 3. MEAN NEKTON DENSITY (NUMBER OF INDIVIDUALS/M² ± STANDARD ERROR) IN MARSH TIDAL CREEKS, MARSH POOLS, MARSH
SUB-TIDAL CREEKS/DITCHES AND THE MARSH SHORELINE EDGE AT AVALON AND FORTESCUE, NEW JERSEY FOR 2015-2017.
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TABLE 4. RESULTS OF ANCOVA ON DENSITY (NUMBER OF INDIVIDUALS/M²) OF FISHES, DECAPODS AND NEKTON AT AVALON AND
FORTESCUE, NJ FOR 2015-2017.
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TABLE 5. (A) UNRESTORED AND (B) RESTORED MEAN (WITH STANDARD ERROR), MINIMUM AND MAXIMUM LENGTH (MM) AND TOTAL
NUMBER MEASURED TREATMENTS FOR SPECIES COLLECTED THROUGHOUT THIS STUDY (SITE, HABITATS AND YEAR).
A.

B.

38

TABLE 6. RESULTS OF ONE-WAY AND TWO-WAY ANOSIM OF FISHES, DECAPODS AND
NEKTON AT AVALON AND FORTESCUE, NJ 2015-2017.

TABLE 7. PAIRWISE COMPARISON FOR TWO-WAY CROSSED ANOSIM FOR DIFFERENCES
BETWEEN HABITAT GROUPS ACROSS TREATMENT GROUPS FROM 2015-2017

TABLE 8. PERMANOVA PARTITIONING AND ANALYSIS OF NEKTON ASSEMBLAGES, BASED
ON SQUARE-ROOT TRANSFORMED ABUNDANCES AND BRAY CURTIS DISSIMILARITIES FOR
DIFFERENCES BETWEEN HABITAT GROUPS ACROSS TREATMENT SITES FROM 2015-2017
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FIGURE CAPTIONS
Figure 1. Avalon, New Jersey sampling locations and thin-layer dredged placement
material on the marsh plain and marsh pools 2015 – 2017.
Figure 2. Fortescue, New Jersey sampling locations and thin-layer dredged placement
material on the marsh plain, marsh pools and placement of the bayward facing dune 2015
– 2017.
Figure 3. Principal component analysis of salt marsh discrete environmental factors for
site, treatment and habitat. Principal component 1 (PC1) explained 29.63% of the
variation and principal component 2 (PC2) explained 21.63%.
Figure 4. Mean nekton density for fishes, decapods and nekton at Avalon, Fortescue, and
Avalon and Fortescue Combined for 2015, 2016, 2017 and 2015-2017.
Figure 5. Mean nekton density for fishes, decapods and nekton at Avalon and Fortescue,
New Jersey by marsh pools, ditches/subtidal creeks, tidal creeks and the marsh shoreline
edge.
Figure 6. Density of nekton species length by habitats in unrestored treatments for 2015,
2016 and 2017.
Figure 7. Density of nekton species length by habitats in restored treatments for 2015,
2016 and 2017.

PICTURE CAPTIONS
Picture 1. Nekton throw trap sampler.
Picture 2. Nekton ditch net sampler.
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FIGURE 1. AVALON, NEW JERSEY SAMPLING LOCATIONS AND THIN-LAYER DREDGED PLACEMENT MATERIAL ON THE MARSH PLAIN AND
MARSH POOLS 2015 – 2017.
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FIGURE 2. FORTESCUE, NEW JERSEY SAMPLING LOCATIONS AND THIN-LAYER DREDGED PLACEMENT MATERIAL ON THE MARSH PLAIN,
MARSH POOLS AND PLACEMENT OF THE BAYWARD FACING DUNE 2015 – 2017.
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FIGURE 3. PRINCIPAL COMPONENT ANALYSIS OF SALT MARSH DISCRETE ENVIRONMENTAL
FACTORS FOR SITE (A), TREATMENT (B) AND HABITAT (C). PRINCIPAL COMPONENT 1 (PC1)
EXPLAINED 29.63% OF THE VARIATION AND PRINCIPAL COMPONENT 2 (PC2) EXPLAINED
21.63%.
A.

B.

C.
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FIGURE 4. MEAN NEKTON DENSITY FOR FISHES, DECAPODS AND NEKTON AT AVALON AND FORTESCUE, NJ FOR 2015, 2016, 2017 AND 2015-2017.

Fortescue 2015

Avalon 2015

Fortescue 2016

Avalon 2016

Fortescue 2017

Avalon 2017
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FIGURE 5. MEAN NEKTON DENSITY FOR FISHES, DECAPODS AND NEKTON BY TREATMENT, HABITAT AND YEAR AT AVALON AND FORTESCUE, NJ.
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FIGURE 6. DENSITY OF NEKTON SPECIES LENGTH BY HABITATS IN UNRESTORED TREATMENTS FOR 2015, 2016, AND 2017.
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FIGURE 7. DENSITY OF NEKTON SPECIES LENGTH BY HABITATS IN RESTORED TREATMENTS FOR 2015, 2016, AND 2017.
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PICTURE 1. NEKTON THROW TRAP SAMPLER.

PICTURE 2. NEKTON DITCH NET SAMPLER.
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