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Executive Summary
The northern portion of Meadow Pond Marsh remained choked with an invasive
exotic variety of Phragmites australis (common reed) in 2002, despite tidal restoration in
1995. Our project goal was to implement several construction techniques to reduce the
dominance of Phragmites and then examine the ecological responses of the system (as a
whole as well as each experimental treatment) to inform future restoration actions at
Meadow Pond. The construction treatments were: creeks, creeks and pools, sediment
excavation with a large pool including native marsh plantings.
Creek construction increased tides at all treatments so that more tides flooded the
marsh and the highest spring tides increased to 30 cm. Soil salinity increased at all
treatment areas following restoration, but also increased at control areas, so greater soil
salinity could not be attributed to the treatments. Decreases in Phragmites cover were
not statistically significant, but treatment areas did show significant increases in native
vegetation following restoration. Fish habitat was also increased by creek and pool
construction and excavation, so that pool fish density increased from 1 to 40 m-2.
Without any replanting, the creek, creek and pool, and excavation areas responded
similarly with the exception that photosynthetic efficiency of Phragmites was depressed
at the excavation site. The planting experiments, particularly the elevation-diversity
experiment, showed significantly greater mortality and less growth of Phragmites when
planted with native species through interspecific competition. Community planting of
bare root stems of native Spartina alterniflora (smooth cordgrass) showed that black
plastic mulch reduced Phragmites recolonization while promoting Spartina growth, but
also eliminated natural recolonization by native plants like Scirpus maritimus (saltmarsh
bullrush).
Meadow Pond Marsh has presented many challenges for researchers and managers to
understand the system and develop practical approaches to restore the northern portion to
a tidal marsh dominated by native vegetation. Our research has revealed a system that
sits very high in the intertidal zone (tides typically range 15 cm or less compared to
downstream tides that approach 250 cm), and that still experiences tidal restriction even
though culvert replacement increased tidal flow with Phragmites reduction in the
southern portion of the Pond. The marsh is also underlain by coarse overwash deposits,
crossed by roads, and many acres of the wetland have been filled for residential
development. Future plans to reduce the dominance of Phragmites in the northern
experimental area should consider excavation of sediments to increase the tidal range and
replanting with native vegetation to reduce success of Phragmites as it attempts to
recolonize the site.
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Introduction
Meadow Pond Marsh is the northern extremity of the largest marsh complex in New
Hampshire: the Hampton Seabrook Marsh. The marsh is located landward of a highly
developed barrier beach system and obtains tidal flow through a small inlet at its southern
terminus (Figure 1). Up until 1995, the southern inlet was woefully inadequate to support
full tidal exchange and was designated by Alan Amman of the Soil Conservation Service
as severely restricted (USDA 1994). The marsh and pond system was dominated by
cattail and common reed (i.e. Phragmites australis; hereinafter Phragmites). In 1995, a
new bridge was constructed as large as possible (given the constraints posed by human
development at the inlet) to alleviate the tidal restriction and restore health to the marsh.
Currently, small areas of Phragmites have been killed and displaced by native vegetation
at the southern end of the marsh, near the inlet. However, the majority of the system
appears to remain dominated by Phragmites. Furthermore, Phragmites appears to be
thriving, with canopy heights ranging from 2 to over 3 meters. Therefore, a second set of
experimental restoration activities was begun in 2004 to reduce the density and
dominance of Phragmites in the northern extreme of the system.
Although Phragmites is considered a native species, new work indicates an invasive
exotic genotype of Phragmites has been spreading across the Northeast over the past
century (Saltonstall 2002). Rapid expansion of Phragmites across New Hampshire
appeared to occur in the latter half of the past century (1950-2000), provoking strong
reactions by local and state landowners and resource managers to control further spread
in the past decade. Due to the widespread human impacts on coastal marshes in the
region (e.g. tidal restrictions, nutrient loading and soil disturbance/filling), scientists and
managers believed such impacts were partly to blame for the invasion (Roman et al.
1984, Burdick and Dionne 1994, Burdick et al. 2001). Therefore, programs in
Connecticut, Massachusetts, New Hampshire and Maine were begun to identify tidal
restrictions and restore full tides to impacted marshes. The above-mentioned programs
continue to the present and operate on the model that Phragmites will gradually retreat
over many years (i.e. within 20 years) if tides are returned to the marsh (Rozsa 1995).
The mechanism for Phragmites retreat following tidal restoration was never
determined. However, it was hypothesized that Phragmites retreat in restored marshes
occurs primarily through salinity stress reducing competitive ability in Phragmites
relative to short native grasses typically found in New England high marshes. While it
has been demonstrated that high salinity will reduce the growth and competitive ability of
Phragmites (Hellings and Gallagher 1992, Lissner and Scheirup 1997), recent evidence
indicates that salinity alone may not be sufficient to reduce its dominance in New
England salt marshes (Sandy Point and Awcomin marshes, Burdick et al. 1999; Hatches
Harbor Marsh, pers. obs. GEM; six North Shore marshes in Massachusetts, unpublished
data Liz Duff, Massachusetts Audubon).
1
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As tides are returned to restricted marshes, increased salinity is associated with other
factors that may be more important for reducing Phragmites (e.g., soil sulfide levels and
anoxia; Chambers et al. 1999). Although unrelated to salinity, soil anoxia may ultimately
influence Phragmites mortality and growth. Flooded organic soils can become anoxic
and chemically reduced, and under these conditions sulfides can accumulate. Sulfides are
toxic to plants and impact Phragmites at lower concentrations than S. alterniflora
(Chambers et al. 1998). Even more likely is that salinity interacts with anoxia and sulfide
levels to cause dieback and retreat in tidally-restored marshes. In marshes with deep peat
layers, tidal restoration increases sulfides as well as salinity and this combination may be
very effective in reducing Phragmites. However, in many marshes where Phragmites has
expanded rapidly, there is a layer of coarse sediments, whether from dredge fill (e.g.,
Awcomin, Rye and Danvers, Massachusetts) or natural processes (e.g., Sandy Point in
Great Bay, Hatches Harbor in Provincetown, and Conomo Point in Gloucester). Several
researchers involved in these disparate studies believe that the coarse layer provides an
oxidized soil layer low in sulfides and/or an avenue for fresh groundwater to support
Phragmites. In the cases including a coarse layer of sediment, increasing salinity has not
caused a retreat in Phragmites (e.g., Awcomin Marsh described in Burdick and Dionne
1994).
The goal of our study is to examine how use of multiple control methods might
reduce the dominance and expansion of Phragmites populations. Comparisons among
treatments will aid our understanding of the mechanisms that allow for Phragmites to
dominate New England salt marshes. The management plan couples a restoration effort
with an experimental design to evaluate several restoration techniques. Implementation
of competing restoration approaches in large, adjacent patches will allow comparisons to
improve Phragmites management at Meadow Pond and other back-barrier marshes.

Objectives
1) Provide a comprehensive assessment of the restoration using established regional
protocols.
2) Implement and compare three approaches to reduce the presence of exotic
Phragmites (open marsh water management, creek construction and sediment
removal).
3) Implement and compare planting techniques for re-vegetation with native species
Spartina alterniflora (bare root stems, and bare root stems with black plastic mat).
Examine recolonization success of Phragmites when planted with native
graminoids.
4) Assess the restoration within the excavated area using a new monitoring
evaluation tool, the Restoration Performance Index (RPI), which provides a
regional context.
2
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Methods
Experimental Designs
Experimental Treatments
Following the expansion of tidal exchange at the mouth of the Pond in 1995, a second
tier of restoration activities began in the summer of 2004. The project site included the
northern terminus of Meadow Pond Marsh, with the eastern side divided into three
experimental areas and one control (CONT), and the western side used as an additional
control (Figure 2). These two control areas were dominated by Phragmites and used to
show soil and vegetative conditions without any restoration. In 2005 following
construction, a site dominated by native vegetation to the south of a small tidal creek was
chosen as a reference marsh to represent a goal for the second tier of restoration (REF).
The restoration approaches included three hydrologic methods. The three hydrologic
methods were applied over a seven acre area and began with the knockdown of standing
vegetation and then included: creek and pool creation typical of Open Marsh Water
Management (OMWM), construction of tidal Creeks (CREEK), and removal of surface
Sediments (SCALP; Figure 2). Specialized low-pressure machinery was used to dig and
contour creeks and pools. The OMWM technique was based on the practice of pool
creation to support fish as primary mosquito predators. Creeks leading to pools are
thought to enhance flooding and fish use of the marsh. The CREEK technique created
large (4 to 6 feet wide, 3 feet deep), and medium (3 to 4 feet wide, 2 feet deep) creeks to
enhance tidal flow. In addition, a perimeter swale (6 feet wide, depth to mean high
water) was cut around the upland edge of the CREEK area. The SCALP treatment
removed the upper 40 cm of sediment from the marsh surface to enhance tidal flooding
and native vegetation reestablishment. Furthermore, Phragmites living roots and
rhizomes were removed, leading to the creation of a large central pool connected to the
main tidal creek for fish use. The construction can be seen from aerial photographs taken
after 2005 that are available on Google Earth (earth.google.com; Figure 2).
Re-vegetation Experiment
Experimental plots in the SCALP area were established to determine if soils at
Meadow Pond can support native vegetation, and the most effective re-vegetation
technique. In one experiment, two re-vegetation techniques and a control with five plots
per treatment were used to analyze planting success, totaling 15 plots in the SCALP area
(Figure 2). The individual plots were 10 by 40 feet in size (3.1 m x 12.2 m; 37.8 m2) and
each was planted with 100 S. alterniflora bare root stems, which were extracted from
Adams Point Marsh in Durham, NH. The Marine Biology Club of Winnicunnet High
School, led by Cathy Silver, planted plots in May of 2005. Stems were planted on twofoot (0.61 m) centers by creating a small hole with a trowel, and then securing the plant
3
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by replacing the sediment. The first planting technique was direct planting of Spartina
alterniflora bare root stems (BRS). The second technique involved covering the bare
sediment with 2 mm thick black plastic mat to reduce Phragmites reestablishment (BRSBP). The black plastic mat was cut to plot size and then secured with metal garden
staples to prevent floating and shifting. A circular hole with a diameter of approximately
10 cm was cut before planting with S. alterniflora bare root stems. Finally, five plots
were designated as controls with no planting to examine natural re-colonization of native
plants as well as Phragmites.
Elevation-Diversity Experiment
A separate planting experiment (~75 m2), which was designed to identify a
cumulative stress effect on the establishment of Phragmites, was begun in spring of 2005.
The experiment was designed to address multiple stress effects on Phragmites health,
which included plant competition, tidal flooding (salinity, sulfides, and redox), and
nutrient levels (Peter 2007). Small vegetation plots (30 x 30 cm) with an extremely high
plant density (1200 shoots/m2) were used to create 36 vegetated patches (Figure 3). Four
shoots of early developing Phragmites bare root culms (15-30 cm) were planted in each
plot. Three planting treatments to examine competitive effects on Phragmites
(diversity/community structure) included: Phragmites + 4 native species (high),
Phragmites + 1 native species (mid) and Phragmites alone (low). The Phragmites alone
plot contained four shoots of Phragmites only, while the high and low diversity plots
contained four Phragmites shoots and 21 native vegetation plugs. All native plugs,
regardless of species, averaged five shoots. Native species used included Spartina
patens, Spartina alterniflora, Juncus gerardii and Distichlis spicata. Each diversity
treatment/community structure was then planted across three distinct elevations (high
marsh, mid marsh and low marsh; Figure 3). An additional series of diversity plots were
planted in the high marsh and received added nutrients. For further information on the
experimental design see Peter (2007).
Whole Site Assessment
Hydrology
Hydrology, and soil pore water were monitored before and after restoration
construction, which took place in 2004. All pre restoration data were collected in the
summer through fall of 2003, while all post restoration data were collected in the summer
through fall of 2005. Automatic water level recorders were used to assess system
hydrology. In 2003, one automatic water level recorder (WLR) was placed in Meadow
Pond along the marsh shoreline at the mouth of the main tidal creek of the CREEK area,
and a second recorder was placed in a large pool at the northern edge of the marsh by
High Street. In 2005, a WLR was again placed in the main tidal creek; however the
second WLR was placed in the newly excavated pool. Water level data recorders took
4
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measurements every 10 minutes for at least 16 days to cover both spring and neap tides
for 2003-2005.
Edaphic Conditions
Each experimental treatment and control area contained five sampling points. For the
Whole-Site Assessment, data averaged from the three experimental treatments was
compared with data averaged from the two control areas, which represent no Phragmites
control. Pore water salinity was collected using wells of 5-25 cm and 45-65 cm depths.
Water samples were extracted with a plastic syringe and measured with a temperaturecorrected optical refractometer (+ 2 ppt). Pore water salinity was measured five times a
year during the late summer of 2003 and seven times a year during mid through the late
summer of 2005. The two early summer sampling dates in 2005 were removed in all
comparative analyses with 2003 to match collection periods.
Sulfides in pore water were measured at the same locations as salinity but only once a
year in mid August of 2003 and 2005. Sulfides were collected once a year in mid August
of 2003 and 2005. A sipper extracted pore water at 15 cm and 50 cm depths directly
from the sediment to prevent oxidation (Cline 1969). Sipper water was immediately
preserved with zinc acetate and later placed in a refrigerated room (4°C) at Jackson
Estuarine Laboratory (JEL). Lab analysis determined sulfide concentrations using a
spectrophotometer (Cline 1969). Redox and pH were also measured using pore water
extracted with the sipper.
Soil cores were collected adjacent to each salinity station, and were only collected in
2003 before any sediment disturbance. The top 80 cm of sediment was removed using a
soil auger, and specific depths were combusted back at the lab to obtain loss on ignition
(0-5 cm, 5-25 cm, 45-65 cm). Soil organic matter, measured as loss in mass after the
organic matter has been combusted, was determined for five stations in all treatment and
control areas.
Vegetation
Vegetation assessment included two different types of methodologies. In the first
methodology (hereafter, vegetation transect), vegetative cover and invasive species
density and height were collected in 0.5 m2 plots every 50 feet (15 m) along permanent,
randomly chosen transects, which followed GPAC protocol (Neckles et al. 2000).
Several transects were established in experimental and control areas. In the second
methodology (hereafter, vegetation station), vegetative cover and invasive species density
and height were collected adjacent to each salinity station. At each salinity station, two
separate adjacent vegetation measurements were made within a one-meter square circular
plot. Both methodologies were performed in the late summer of 2003 and 2005.
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Nekton
Nekton, which includes fish, crabs and shrimp, were collected from creeks and
pannes/pools in the summer of 2003 and 2005 following GPAC protocol. All organisms
captured were identified to species and counted. Furthermore, the first 30 individuals of
each species were measured for length for each sampling net. Lift nets were used in
pannes/pools, while ditch nets were used in creeks (Drociak and Botitta 2003).
Experimental Treatment Assessment
Assessments of soil conditions were performed as described previously, with five
stations for each treatment and control site. Furthermore, vegetation assessment was
performed as described previously using the vegetation station approach sampling paired
circular plots at each station.
Fluorescence
A Pulse Amplified Modulated fluorometer (PAM 1998. Walz, Germany) was used to
measure the chlorophyll fluorescence of Phragmites leaves. More specifically, the PAM
measured the effective quantum yield (▲F/Fm’) under ambient light conditions, which is
the relative photosynthetic efficiency of the plant (Beer et. al. 2001).
The PAM fluorometer was calibrated to measure quantum yield in ambient light
conditions without dark adaptation. In order to reduce ambient light variability, the PAM
fluorometer was set to use a light averaging function for all measurements, and all
measurements were done on the same day. Furthermore, the fluorometer contained a
built in light meter (PAR), which was fully exposed to ambient light at all measurements.
At each station, three adjacent Phragmites shoots were haphazardly selected and
measured. On each of the three shoots, three leaves were sampled, totaling nine data
points that were then averaged to characterize Phragmites at each station. The youngest,
fully developed leaves without any wilting or aphids were sampled on the adaxial side.
Planting Experiments (SCALP area)
Re-vegetation Experiment
Sampling of the re-vegetation experiment was designed to characterize treatment
differences in plant community structure and composition after one growing season. Six
randomly selected stations were assessed in October 2005 (5 months after plantings)
within each of the five plots for the two planting treatments (BRS and BRS-BP) and a
control with no planting. Circular quadrats, one square meter in area, were used to assess
percent cover by species, the density of invasive species, and the maximum stem height
for each species. For the planted S. alterniflora plots, survival rates were also
determined.
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Elevation-Diversity Experiment
The plant diversity experiment examined edaphic conditions (e.g. salinity, sulfides,
and redox) and the success and health of Phragmites. Pore water was collected and
measured in the same manner as mentioned above except only within the rooting zone (525 cm depth). Growth was determined by measuring the final height of each Phragmites
shoot and subtracting the initial height of the corresponding shoot. Total shoots and
mortality rates were also recorded throughout the growing season of 2005. Mortality
rates were calculated by dividing the total number of dead shoots at the end of the
experiment by the maximum number of shoots. Lastly, change in aboveground biomass
was measured by harvesting all live shoots of Phragmites at the end of the season.
Shoots were cut from the sediment surface, rinsed of sediments and salts, and oven dried
at 60 oC for two days at JEL to obtain final biomass. Initial aboveground biomass was
estimated by harvesting an additional 31 Phragmites shoots ranging from 5 to 60 cm at
the beginning of the planting experiment. These shoots were dried and weighed to
establish a relationship to predict biomass from shoot height and culm diameter.
Regional Assessment using the Restoration Performance Index
The Restoration Performance Index (RPI) allows users to evaluate a diverse range of
structural and functional parameters individually, combined in functional areas, or as a
whole, showing ecological response to restoration. The RPI accomplishes this evaluation
through the incorporation of monitoring data into a formulation, without regard to the
protocols used, number of variables, or sampling interval, by using calculated mean
values and standardizing along an index scale relative to one or ore reference sites
(Moore et al. 2009). In our work with salt marsh restoration, each parameter is placed
within one of four functional areas (hydrology, pore water, vegetation, and nekton),
which are weighted equally to contribute to the total score. The individual scores are
considered along a gradient from existing conditions prior to restoration (T0) to a set of
reference conditions established as a goal and predicted to result from the restoration
(Tref). The T0 score is based upon the data collection at disturbed site prior to restoration
activities, while Tref is derived from data collected at a reference site.
Scores of individual variables are calculated along a ranking scale from 0 to 1, based
on annual means for each parameter for the given study year. For example, a project site
with a starting (T0) mean pore water salinity of 10 ppt, a projected salinity of 35 ppt
(Tref), and a present salinity of 22 ppt (Tpresent) would score 0.48, expressed below:
For Salinity, (Tpresent – T0)/(Tref –TS0) = RPIsal
(22ppt – 10ppt)/(35ppt – 10ppt) = 0.48
When data are input into the RPI excel-based interface, the results are provided in
both tabular and graphic display (bar and area graphs, simultaneously; Moore et al.
2009). The graphs visually demonstrate the contribution of individual functional areas to
7
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overall project performance and these data are superimposed onto the regional mean.
Because the RPI provides a detailed view of restoration performance over multiple years,
it can identify project successes and shortfalls, while comparing overall performance to
similar projects in the region.
At Meadow Pond we focused later collections of soils, vegetation and nekton on the
excavated (SCALP) area in 2006 and 2007 using GPAC protocols. We used the data
from 2003 and 2005 from the same area. We established a reference (REF) area we felt
represented an appropriate goal for the restoration: a marsh area to the south of the
experimental sites and a small natural creek (Figure 2). This site is dominated by
Spartina grasses, primarily S. patens, but contains scattered Phragmites and cattail that
increase in dominance away from the Pond. To calculate the RPI for 2003 to 2007, we
used data from the reference area collected in 2006.
Data Analyses
All statistical analyses were performed using Microsoft Excel (Microsoft Excel ®
2000, 9.0) and Systat (© SPSS Inc. 2000, 10.0). Graphs were created in SigmaPlot
(SigmaPlot ® 2000, 6.10). All means are reported with ± the standard error (SE). Redox
values were corrected by adding 244 mV to each reading to arrive at Eh. Because soil pH
was close to neutral, corrections to redox were not needed for pH. Pore water salinity in
2005 had two early summer sampling dates removed from ANOVA models (indicated by
shaded areas on corresponding figures) when in a comparative analysis with 2003 data so
seasonal sampling periods were similar. Soil and vegetation variables were analyzed
using a one-way ANOVA model (p < 0.05) or 2-way ANOVA fixed effects model, when
appropriate. Type I error was controlled by setting alpha at 0.05, and Tukey’s post hoc
multiple comparison tests were used to determine which treatment levels were
significantly different. Residuals were examined and data were transformed when
appropriate to produce homogenous, normally distributed error.

Results
Four levels of assessment were considered: (1) restoration assessment for the site as a
whole; (2) assessment and comparison of the three experimental restoration approaches;
(3) evaluation of different treatments for the planting experiments within the SCALP
area; and (4) regional assessment for the excavated area using the RPI. Raw data are
listed in appendices and are available on the accompanying CD-ROM.
Whole Site Assessment
Hydrology
Prior to restoration activities in 2003, tides flooded the marsh adjacent to Meadow
Pond only during the highest spring tides (Figure 4). The largest tide recorded a 16 cm
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change in water level within the creek, and over a span of 21 days, the water level varied
less than 18 cm (~7 inches). No hydrologic signals for smaller predicted tides in the
creek (<9.8’ for Portland, ME) and all predicted tides in the pool at the north edge of the
marsh were observed. Water level changes were only found for rainfall events and daily
transpiration fluxes. In the pool, water levels were found to vary by 2 to 4 cm on a strict
daily rhythm (likely due to evapotranspiration), and up to 10 cm in response to rainfall
coinciding with larger tides (Figure 4). Even with the original tidal restoration done in
1995, very little tidal floodwater was inundating the Phragmites in this area in 2003.
After the creeks and pools were constructed, daily tidal fluctuations in the main creek
reached 30 cm, whereas neap tides now produced a signal, averaging 14 cm (Figure 5).
The range of water levels at the site was 70 cm at the Pond and 60 cm at the pool by High
Street. Furthermore, the pool by High Street now showed a regular response to tides (i.e.,
up to 30 cm), including drainage at low tides.
During spring tides, flooding waters would accumulate in the Meadow Pond basin on
each consecutive tide, with incomplete draining of the lagoon and marsh surface during
ebbing tides. The highest water levels, which would completely submerge the marsh
surface, occurred toward the end of the spring tidal cycle and were exacerbated by
rainfall events. As a result, the marsh surface following restoration was either completely
inundated for several days during spring tides or experienced little to no flooding during
neap tides (Figure 5).
Edaphic Conditions
Shallow well salinity significantly increased from 2003 to 2005, while deep well
salinity was similar between years (Figure 6). In 2005, shallow well salinity averaged
over 20 ppt, which has been shown to significantly stress Phragmites plants (Vazquez et
al. 2005). In contrast, deep well salinity averaged about 17 ppt and this fresher water
resource was accessible to deeper roots of Phragmites.
When each sample date is shown, seasonal variability of well salinity can be seen; we
found more saline conditions later in the year (Figure 7). Shallow well salinity was
generally greater than 20 ppt on sample dates in 2005. In contrast, no sampling dates in
2003 averaged above 20 ppt. Deep well salinity was generally below 20 ppt in both
years.
Soil salinity was analyzed to compare the control marsh with the entire experimental
area under treatment. Both main effects of year and treatment were significant (i.e., more
saline in 2005 and in the experimental areas; Table 1). In post restoration sampling,
there was a significant increase in shallow well salinity in experimental areas, but salinity
also increased in control areas (Figure 8). Deep well salinity was significantly greater in
the experimental areas for both years; however there were no differences in the
experimental areas between years. This result indicates restoration activities did not
result in an increase in salinity. Salinity was further analyzed by sampling date and
9
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treatment for pre and post restoration years, but date by treatment interactions were not
significant; they failed to show any effects from restoration (Table 1; Figure 9).
Soil organic matter, measured as the loss in mass after combustion, was significantly
greater in the control area (66%) than in experimental areas (41%; Figure 10a). The
difference in organic matter between the control and experimental areas appears to be
driven by the large differences in the deeper layers (Figure 10b). Organic rich surface
sediments were underlain by a thick, coarse overwash deposit at the northern end of the
site, which had a large influence on the experimental, but not the control areas. Soil
redox values were generally lower in control areas versus experimental areas in both
sampling years and both depths (Figure 11), reflecting the differences in soil organic
matter.
Soil sulfides, which have been found to halt growth in Phragmites at levels greater
than 0.4 mM (Seliskar et al. 2004), showed a general trend of greater accumulation in the
control areas before restoration (Figure 12), but the treatment effect was not significant
(Table 1). Sulfide concentrations for 2005 demonstrated a similar pattern to 2003. The
average value in the experimental area was roughly 0.4 mM less in surface soils and
0.4mM greater in deeper soils, but never exceeded 1.0 mM (Figure 12). Soil pH had little
variability between years and treatment, with values consistently falling between 6.5 and
7.0 (Figure 13).
Vegetation
In July 2003, the vegetation transect data showed Phragmites dominated plant cover
in all areas, averaging 36%, with native vegetation at 20% in the control areas and under
1% in the experimental areas (Figure 14). Although not statistically significant (Table 1),
percent cover of Phragmites and native plants both increased in 2005. Phragmites cover
remained dominant in 2005, averaging about 45% in both the control and experimental
areas. In the experimental areas, native cover including both halophytes and brackish
species increased significantly from < 1% to over 10% in 2005, following restoration
(Table 1).
Of the three invasive species found at Meadow Pond marsh, Phragmites was
dominant in terms of density and height for both pre and post restoration (Figure 15).
Analysis of the transect data showed Phragmites with the greatest stem density and
height, Typha angustifolia being intermediate, and Lythrum salicaria being the least
dense and shortest in all areas of the marsh for both sampling years. Phragmites stem
density remained similar between years for the control areas, but increased in 2005 in the
experimental areas (Figure 15; Table 1). In contrast, Phragmites stem height remained
similar between years for both the experimental and control areas (Figure 15).
The vegetation station data collected using circular quadrats adjacent to each well
station (the second methodology) was in agreement with the transect data for three key
points: Phragmites dominated the vegetation of all areas, native cover and Phragmites
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density both increased in the experimental area following restoration. The station data
showed an overall decrease in Phragmites percent cover and increases in native percent
cover from 2003 to 2005 (Figure 16; Table 1). Abundance of native and invasive plants
within the experimental areas became more similar to those of the control area in 2005
(Figure 16). Phragmites stem height was significantly taller in 2003 (208 cm) than in
2005 (163 cm; Figure 17). Phragmites stem count, however, was greater in 2005 (82 m2
) than in 2003 (45 m-2) along with Typha angustifolia (hereafter Typha; Table 1). When
partitioned into control and experimental areas, stem density of Phragmites showed a
greater stem count in the experimental areas versus the control areas in 2005 (Figure 18).
In contrast, Typha experienced a greater stem density increase in the control areas versus
the experimental areas from 2003 to 2005, leading to differences between years.
Nekton
A handful of fish species were caught at Meadow Pond in both sampling years. Fish
species captured in order of abundance were Fundulus heteroclitus (mummichogs),
Pungitius pungitius (9-spine sticklebacks), Fundulus majalis (striped killifish), Menidia
menidia (Atlantic silverside), and Anguilla rostrata (American eel). No crabs or shrimp
were captured. Fish were captured in both creeks and pannes, but densities were highly
variable. Overall, similar densities of fish were caught in 2003 and 2005 (56.6 and 44.9
m-2, respectively). Fish densities in 2003 were nearly identical in the control and the
experimental areas, while in 2005 densities tended to be lower in the control area and
greater in the experimental area (Figure 19a). When densities were partitioned into
habitat type but without regard to treatment, fish densities were significantly greater in
creeks than in pannes (Figure 19b). If examined by treatment, fish densities in control
creeks were low in 2005 compared to 2003 and compared to experimental areas for both
years (Figure 20a). In pools and pannes, only the collections in treatment areas following
restoration had significant numbers of fish (> 40 m-2; Figure 20b), suggesting improved
fish habitat.
Average fish lengths of control and experimental treatment areas for 2003 and 2005
are presented separately for creek and pool/panne collections (Figure 21). Creeks had
slightly larger fish than pannes in both 2003 and 2005. However, trends in lengths were
similar for both habitats: we found greater average fish lengths captured in the
experimental areas (45-55 mm) than in control areas (20-30 mm; Table 1). Following
restoration in 2005, fish lengths were longer in experimental areas than control areas.
Fish lengths were further analyzed by individually averaging males, females and
juveniles of mummichogs only. Mummichogs were considered adult females or males
when body lengths were > 45 mm. No differences in lengths of mummichogs were
found between treatment areas, but no adults were captured in the control areas in 2005
(Figure 22).
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Experimental Treatment Assessment
Edaphic conditions
In 2003 before the OMWM, CREEK or SCALP treatments were applied to the site,
shallow well (5-25 cm) salinity averaged between 13 and 17 ppt, but climbed
significantly after restoration construction, averaging 19 to 22 ppt (Figure 23). However,
shallow well salinity at control sites also climbed about 7 ppt in 2005, so the increase can
only be attributed to year-to-year variation. Both shallow and deep well salinity were
significantly different across year and treatment, but the interaction of the two was nonsignificant (Table 2), further indicating the lack of an effect from the restoration
construction. Salinity in the deeper wells (45-65 cm) appeared to be more consistent
between years. At both depths, average salinity was lowest in the control area and
highest in the CREEK and SCALP areas (Figure 23).
Salinity was further analyzed by sampling date and treatment for pre and post
restoration years. Generally, salinity in wells increased from spring to fall (Figure 24).
In 2005, shallow salinities at CREEK and SCALP sites exceeded 20 ppt, but these levels
thought to be stressful to Phragmites, were not reached until August (Figure 24).
Soil organic matter is an important soil component in marshes that helps to moderate
swings in soil moisture and salinity. We found the greatest amount of organic matter in
the CONT (65%) and OMWM (61%) areas and least in the CREEK (36%) and SCALP
(26%) areas (Figure 25a). The experimental areas were positioned more north of the
control areas (Figure 1). The location of the treatments appeared to dictate the amount of
organic matter content. In the CREEK and SCALP sediments dominated by Phragmites,
a 20 cm veneer of highly organic sediments (40 to 60%) was found to overlie deeper
inorganic deposits (8 to 12% organic matter; Figure 25b). The deep layer of the SCALP
and CREEK areas had the lowest organic matter (< 15%); whereas the OMWM and
control areas had similar organic matter at all depths (~60%). Meadow Pond Marsh is a
back-barrier marsh and the inorganic sandy cobble deposits were likely caused by a large
over wash event that was investigated by Greg Smart (2004). He quotes Dow’s historical
account of a major storm event in 1723 that poured surf and sand into what was once a
large huckleberry heath (Dow 1988), changing the system from fresh to saline.
Soil redox measurements may have been directly affected by the coarse substrate
from the historic overwash event. The control and OMWM areas both had the lowest
deep redox values (Figure 26), coinciding with higher organic matter (Figure 25).
Moreover, control and OMWM redox both decreased with depth, while SCALP and
CREEK redox both increased with depth. The SCALP area had the highest redox values
in deep and shallow soils in 2003 and 2005 (Figure 26; Table 2).
High variability in sulfide levels led to no significant differences due to treatment or
year (Table 2). Sulfides were inversely related to redox, but positively related to percent
organic matter. In 2003 prior to treatments, the highest average concentration of sulfides
was found in the control area (1.5 mg L-1), while the SCALP area had the lowest sulfide
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concentrations (Figure 27). In 2005, sulfide concentrations generally decreased for all
treatments except the SCALP area, which climbed 10 fold to average almost 2 mg L-1in
deep sediments (Figure 27). These levels may have resulted in strong negative impacts to
Phragmites in the SCALP treatment.
No significant differences among treatments were found investigating pH, though the
OMWM treatment appeared to be slightly lower in shallow sediment following
construction (Figure 28; Table 1). Soil pH had little variability between depths and
treatment, with values consistently falling between 6.3 and 7.0.
Vegetation
The vegetation station data (i.e., using circular plots adjacent to each station) were
collected to compare experimental treatments. The randomly placed vegetation transects
did not sample each treatment effectively. The vegetation station data showed no
significant difference among treatments or the treatment by year interaction except for
Phragmites density (Table 2). Stem density of Phragmites ranged between 40 (CONT
and CREEK) and 70 shoots m-2 (OMWM) in 2003 and increased slightly in 2005 (50 to
80 m-2) except in the CREEK site where it averaged over 160 shoots m-2 (Figure 29).
The dramatic changes in Phragmites density was due to the management approach,
whereby much of the established stands of Phragmites were knocked down in the
CREEK area, removed with their roots and rhizomes in the SCALP area, and not
impacted greatly in the OMWM and CONTROL areas. Where Phragmites was knocked
down but able to keep rhizomes (CREEK and edges of SCALP area) regrowth was strong
in 2005, resulting in higher density.
Although Phragmites density increased following restoration in 2005, overall the
percentage cover fell from about 60% to under 50% (Figure 30). In addition, Phragmites
heights fell significantly in 2005 for the three experimental treatment areas (2003 = 210
cm vs. 2005 = 177 cm; p = 0.024). Phragmites average stem height was consistent across
treatments in 2003 (over 200 cm; Figure 31). In 2005, the control areas had the tallest
plants (206 cm), and the CREEK (164 cm) had the shortest, but the differences between
treatments were not significant. The results are consistent with the interpretation above.
In 2003, the control area had the greatest native cover with all three experimental
treatments having little to no native cover (Figure 30). In 2005, all treatments increased
in native cover (Table 2), with CREEK and OMWM producing more than 10% native
cover than the control area (Figure 30). Note that SCALP stations did not sample planted
areas, which are examined separately.
Typha stem counts were much lower than Phragmites and variable, but showed a
non-significant increase in all treatments (with the exception of SCALP) from 2003 to
2005 (Figure 29). The largest increase from 2003 to 2005 in Typha stem count occurred
in the control area, with 2005 having over four times the amount in 2003. The SCALP
area had little to no Typha in either sampling year.
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Fluorescence
A PAM fluorometer was used to measure photosynthetic efficiency of Phragmites
growing in each experimental treatment to determine their relative health and ability to
photosynthesize. The SCALP area had significantly less quantum yield (photosynthetic
efficiency) than all other treatment areas (Figure 32). All treatments except SCALP
fluctuated around 600 ▲Fv/Fm, while SCALP averaged just under 500 ▲Fv/Fm,
indicating these plants were less healthy than those in the other treatments at Meadow
Pond. Edaphic factors contributing to stress in the SCALP treatment may have included
sulfides, low organic matter and elevated salinity.
Planting Experiments
Revegetation Experiment with Spartina alterniflora
In the SCALP area, 15 plots were established to determine if soils at Meadow Pond
could support native vegetation using two re-vegetation techniques. The high school
students learned quickly and planted the site effectively. We found a significantly greater
percent survivorship of S. alterniflora in the bare root stem (BRS) plots (74%) versus the
bare root stems with black plastic (BRS-BP) plots (44%; Figure 33). The black plastic
was difficult to keep pinned to the sediments. Wind and waves moved the plastic,
covering or damaging the planted Spartina (Figure 35). Interestingly, Phragmites shoot
density and height were also greatly decreased in the BRS-BP plots (Figure 34). The
black plastic covering not only limited recolonization by Phragmites and damaged S.
alterniflora leading to lower survivorship, but the plastic also limited total native cover
(Figure 36). However, BRS-BP plots did not appear to limit S. alterniflora cover when
compared to BRS plots. Although fewer survived, S. alterniflora plants in the BRS-BP
plots thrived, with multiple shoots and larger leaves (Figure 36).
The BRS-BP had little vegetative cover besides S. alterniflora, which accounted for
91.5% of the total vascular cover (Figure 37). The control plots were dominated by
Phragmites cover at 70.6%, while the BRS plots were co-dominated by Phragmites
(54.4%) and S. alterniflora (26.3%) after one growing season. In addition, the BRS plots
had the highest species richness per plot (2.4), while the BRS-BP plots had the least (1.1;
F ratio = 6.84, p value = 0.002). The BRS and control plots both had greater species
evenness than the BRS-BP plots (Table 3). Furthermore, BRS and control plots had a
higher Shannon-Wiener diversity value, which factors in both species richness and
evenness.
Elevation-Diversity Planting Experiment
For the elevation-diversity planting experiment, one, four or no competitor species
were planted with four Phragmites culms in 36 small plots set at three different
elevations and treated with two levels of fertilizer. No significant differences were found
among elevations for pore water chemistry (e.g. salinity, sulfides or redox; Table 4) or
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success of planted Phragmites (aboveground biomass, growth or mortality; Table 5). The
elevations spanned only 16 cm and the periodic flooding of the entire site for several days
during sprig tides (Figure 5) likely led to similar levels of flooding stress for all elevation
treatments. Nutrient additions also had no significant effects on Phragmites health or
success. The SCALP treatment likely resulted in high levels of available nutrients that
would swamp any effect from nutrient additions.
Diversity/community structure levels, however, demonstrated differences in
aboveground biomass, growth and mortality of the planted Phragmites. Biomass
increased from high competitive diversity to low diversity (no competitors), with the
‘Phragmites only’ plots having nearly 6 times the biomass of the high and mid diversity
plots (Figure 38a). Growth showed similar patterns with respect to biomass, with the low
diversity plots having four times the net growth compared to the high diversity plots
(Figure 38b). Moreover, the low diversity plots experienced the lowest Phragmites
mortality rate (35%) compared to the mid diversity (65%) and the high diversity plots
(81%; Figure 39).
Regional Assessment using the Restoration Performance Index
Monitoring data were collected and analyzed for year 2 (2005) post-restoration in this
study, while years 3 and 4 were obtained from Moore et al. (2009). By year 2, Meadow
Pond’s score totaled 0.54, with the regional average of four other sites totaling 0.65
(Moore et al. 2009; Figure 40). These four sites include: Awcomin and Rye Harbor
marshes in New Hampshire; Mill Creek in Chelsea Massachusetts; and Sachuest Point
Marsh in Middleton, Rhode Island. Years 3 and 4 show mixed results, with a modest
decline in score when only soils and hydrology contributed to the RPI (0.48), followed by
a large increase from good vegetation response in year 4 (0.69). In all years after
restoration, only year 4 exceeded the regional mean (0.47).

Discussion
Whole Site Assessment
The restoration effort completed in 2004 yielded mixed results in terms of tidal
flooding, edaphic conditions, plant community, and fish use. Meadow Pond tides are
now larger than they had been, but tides remain very small because the site is very high in
the intertidal zone. In addition, tides may still be restricted due to either culvert size or
the ability of creek morphology to distribute tidal waters once they pass under
Winnicunnet Road (the culvert installed in 1995 to initially restore tidal flow to the
Pond). In 2003, neap tides were non-existent (September 14th to 20th), and spring tides
only managed a range of 15 cm (September 3rd to 11th) near the mouth of the main tidal
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creek (Figure 4). Time series analysis of the small water level fluctuations in the pool
site will reveal they are associated with daily transpiration rather than astronomical tides.
The creek and pool/panne construction in 2004 appeared to increase tides in the
restoration area, with tidal ranges up to 30 cm recorded in 2005 (Figure 5), although
measurements were confounded by rainfall that led to about 40 cm of water accumulation
in the system (May 24th to 28th). However, the accumulation of water in the pond points
toward a tidal restriction at or near the southern inlet. Stronger tidal influence will not
likely occur at Meadow Pond until either further culvert restoration is achieved or marsh
elevation decreases relative to sea level.
Edaphic conditions showed little change as a result of the slight increase in tides after
second tier restoration. Only shallow pore water salinity significantly increased (~ 6 ppt)
in 2005, and this increase was evident across the entire marsh system including the two
control areas (Figure 8). The increase in shallow pore water salinity may only provide
limited osmotic stress to existing Phragmites stands because of the less saline pore water
in the deeper layers. The root systems of Phragmites plants can avoid higher shallow
rooting zone salinities (5-25 cm) by penetrating deeper into the sediment. Phragmites
roots have been shown to penetrate to depths greater than 80 cm (Lissner and Schierup
1997, Meyerson et al. 2000). The root morphology of Phragmites also gives the plant a
competitive advantage over native salt marsh species, which are typically found in the
upper 10 cm (Burdick and Konisky 2003). Further limiting osmotic stress was the
inconsistent inundation cycles of tidal waters. As noted by water level recorders, tidal
flooding primarily occurred on spring tides. The absence of tidal flooding during neap
tides may provide Phragmites a temporal refuge from osmotic stress, especially when
combined with freshwater inputs (i.e., rainfall and groundwater). Studies have noted that
periods of less saline pore water are critical to Phragmites success and establishment
(Burdick et al. 2001, Bart and Hartman 2002). The small tidal increase from 2003 to
2005 was not enough to increase salt marsh salinity to marine levels (30 ppt).
Furthermore, soil sulfides and redox stress at the experimental areas may continue to be
ameliorated is deeper soils because of a coarse sediment layer associated with a historic
overwash event (Smart 2004).
Native plant cover was found to increase using both sampling methodologies
(transect and station plots), particularly in experimental areas (Figures 14 and 16).
Native cover may be responding to increased light levels and a decrease in plant
competition due to a knockdown of all vegetation in 2004 and higher shallow pore water
salinity (Burdick et al. 1997, Chambers et al. 1998).
The two types of methods that collected vegetation data yielded somewhat
contradictory results with respect to Phragmites cover. The vegetation transect data
showed a non-significant trend to greater percent cover of Phragmites from 2003 to 2005
(Figure 14), while that collected at well locations (vegetation station) showed a
significant decline in Phragmites cover (Figure 16), which was strongest at the
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experimental areas (23% decline). An earlier sampling date (vegetation transects in JulyAugust vs. stations in September-October) and smaller quadrat size for transect plots (0.5
vs. 1 m2) may have played a role. Nevertheless, both methods found an increase in
Phragmites density particularly in the experimental areas, matched with a decrease in
stem heights (found only using the station data). The pattern of increased density with a
decrease in height is likely due to the knockdown of all vegetation within the
experimental areas in 2004. Phragmites response to shoot damage and increased light
levels is to develop multiple shorter and smaller shoots (Gusewell 2003, Minchinton and
Bertness 2003).
During pre-restoration data collection in 2003, a stand of marsh mallow (Hibiscus
moscheutos) was discovered growing adjacent to the Town’s sewer pump house on High
Street. Discussions with Art Mathieson and Garrett Crow in 2004 led to another
researcher, Joann Hoy, who had found a population in a tidal marsh bordering Great Bay.
We collaborated on a note describing the first account in New Hampshire for this species
(Hoy and Burdick 2005), which was previously limited to the coastal counties of
Massachusetts. Brackish to fresh tidal marshes are uncommon in New England and the
Hibiscus discovery along with subsequent surveys for state listed plants along Great Bay
tributaries, (e.g., Lilaeopsis chinensis; Moore et al. 2009) demonstrate brackish tidal
systems hold the promise of supporting uncommon plant species and community types.
Our results underscore the importance of controlling invasive plants, even at difficult
sites, to improve management of state listed species.
The increase in fish densities in experimental areas in 2005 coincided with the
decrease in control areas (Figure 19a). Increases in fish usage within the experimental
areas may be from slightly greater tidal flow through more extensive creeks, access to
greater marsh area, greater native vegetative cover, or higher light levels leading to
greater algae cover (a food source). Increased habitat is due to the pool and creeks
created in the SCALP and CREEK area and is shown by greater fish density found in
pannes in 2005 (Figure 20). Previous studies have found significantly less fish,
particularly mummichogs, in Phragmites dominated marshes (Roman 1978, Able et al.
2003). In contrast, other work has shown little difference in fish density between native
vegetation marshes and Phragmites dominated marshes (Weis and Weis 2000, Hanson et
al. 2002). Although studies may disagree on fish densities, all have noted differences in
hydrodynamics and litter accumulation. Phragmites can significantly alter the marsh
surface by inducing greater accretion rates through high productivity of litter and
extensive rhizome networks (Rooth et al. 2003). Accretion can eventually lead to lack of
tidal flooding on the marsh surface, and little to no standing water, which eliminates fish
habitat especially for larvae and juveniles (Able et al. 2003). The restoration activities in
2004 increased habitat and tidal flooding, leading to greater fish density (though
differences were not statistically significant).
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Experimental Treatment Assessment
All three experimental treatments demonstrated a shift towards a natural (i.e.,
undisturbed) salt marsh ecosystem in terms of shallow pore water salinity and Phragmites
cover and height (Figures 23, 30 and 31). However, all treatments showed no differences
in deep pore water salinity, and an increase in Phragmites stem density (Figures 23 and
29, respectively). Moreover, negligible differences were found for soil redox and
sulfides. CREEK and SCALP areas had the highest shallow soil salinities, averaging
over 20 ppt, possibly due to greater tidal flooding. The SCALP area also had the greatest
reduction in Phragmites cover. (The SCALP area not only had Phragmites shoots
knocked down, but also roots and rhizomes were excavated to a depth of 40 cm.)
When Phragmites shoots become damaged, the plant fuels further shoot production
with belowground reserves. Gusewell (2003) found that mowing Phragmites shoots
twice a year only had a significant effect on shoot biomass after three consecutive years
of mowing. In fact, after the first year of mowing, Phragmites actually increased in
aboveground biomass, possibly due to increases in shoot density (Gusewell 2003). Other
studies have found that Phragmites alters its morphology when plant competition was
eliminated (Minchinton and Bertness 2003). When growing under heavy competition,
Phragmites produces less shoots, which are taller. When growing under little
competition, Phragmites produces more shoots, which are shorter. In the case of
Meadow Pond, the overall reduction of Phragmites height may be attributed to the lack
of plant competition. The three restoration areas were likely to have less competition
because of the damage to the plant community from excavation and/or trampling.
Although the SCALP treatment was most effective in reducing Phragmites, the unplanted
portions did not exhibit significant increases in native cover that were found in the
CREEK and OMWM areas (Figure 30).
The driving force behind edaphic conditions (e.g., salinity) and vegetation
characteristics (e.g., cover and height) appears to be partly due to the slight increase in
tidal exchange and extent of flooding. An additional enhancement of tidal exchange near
the inlet may further increase shallow soil salinities and possibly deeper soil salinities,
sulfide levels, and decrease soil redox through greater salt inputs and increases in
flooding duration and frequency. Salinity alone has been demonstrated to reduce the
growth and the competitive ability of Phragmites (Hellings and Gallagher 1992, Lissner
and Scheirup 1997, Chambers et al. 1998, Vasquez et al. 2005). Sulfides also have been
shown to clearly reduce Phragmites growth (Seliskar et al. 2004), and lastly anaerobic
conditions, as indicated by soil redox, have shown significant negative effects on salt
marsh vegetation (Mendelssohn et al. 1981). In our SCALP treatment, the combination
of salinity, sulfides and low organic matter might have led to an additive or synergistic
negative effect on Phragmites. When the photosynthetic efficiency of Phragmites was
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examined using the PAM fluorometer, plants in the SCALP treatment exhibited the
lowest values.
Other plausible driving forces behind a reduction in Phragmites cover and an increase
in shallow soil salinities may be due to the 2004 knockdown of Phragmites shoots and/or
natural yearly variation. Damage to Phragmites shoots would likely account for part of
the reduction in average stem height and increase in stem density (Gusewell 2003,
Minchinton and Bertness 2003). However, control areas not subject to knockdown
exhibited the same trends (Figures 29 and 31); therefore, natural yearly variation is a
more plausible explanation. The increased abundance of native plants in the CREEK and
OMWM areas appears to be due restoration, since native cover remained the same in the
control area. In conclusion, the treatment areas experienced limited success in 2005, with
the SCALP treatment being the most effective at reducing Phragmites populations.
Planting Experiments
Revegetation Experiment with Spartina alterniflora
The results from the planting experiment showed that BRS-BP plots (Spartina
alterniflora planted through a plastic layer) reduced the reemergence of Phragmites
(Figure 36). The BRS-BP plots reduced Phragmites cover by decreasing light levels, soil
oxygen, and providing a physical barrier to hinder shoot emergence. Although not
significant, BRS plots decreased Phragmites cover by one-third, likely due to
competition for light, water, and nutrients. Plant competition stress can interact with tidal
flooding stresses (e.g., salinity, sulfides and redox) to produce an additive or synergistic
effect (Vinebrooke et al. 2004).
The BRS plots appeared to be more effective in promoting S. alterniflora and total
native plant success than the BRS-BP plots, which were more effective in deterring
Phragmites. The advantage of the black mulch cover on reducing Phragmites
reemergence came at some cost. Over the course of the growing season, the black mulch
would shift from water and wind conditions and kill planted S. alterniflora (Figure 41).
The plastic reduced natural recruitment of native plants. Finally, high temperatures
associated with the black mulch could be detrimental to native fish species (Stierhoff et
al. 2003).
Elevation-Diversity Planting Experiment
The experiment examining elevation, plant competition, and nutrients found
competition from native plants to be the only significant effect on the success and health
of Phragmites (Peter 2007). The effect of elevation appeared to be dampened by the lack
of differences in tidal inundation leading to similar values in pore water salinity, sulfides
and redox. Moreover, nutrient fertilizer additions may have been negligible when
compared to the available nutrient pool following the knockdown of Phragmites and
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chronic nutrient runoff from the adjacent residential development. Despite the possible
high nutrient pool and irregular tides, plant competition demonstrated significant
decreases in Phragmites stem growth, biomass, and newly developed shoots. Minchinton
and Bertness (2003) found similar results when investigating the role of plant competition
without the effect of diversity. Although the results at Meadow Pond did not find clearcut differences between the mid (1 species) and high (4 species) diversity plots, several
parameters of Phragmites health showed strong trends, suggesting the high diversity plots
were the most effective at reducing Phragmites success (Figures 38 and 39). High
diversity is thought to provide greater plant competition through increased interspecific
interactions, leading towards more complex canopy structures and belowground root
systems (Symstad et al. 2003). Regardless of the diversity level, plant competition was a
clear detriment to Phragmites success, and should be considered a useful measure in
management plans to control invasive forms of Phragmites.
Regional Assessment using the Restoration Performance Index
In comparison to other salt marshes restored through the excavation technique,
Meadow Pond showed good response in terms of increased flooding, soil conditions,
vegetation change and increased fish use. By year 2 (2005), the site reached just over
50% of change toward reference areas, with the regional average of the four other sites
reaching 65% (Moore et al. 2009; Figure 40). By year 4 (2007), Meadow Pond’s score
had reached almost 70%.
The RPI scores for Meadow Pond appear high because of the brackish conditions
represented by the reference marsh. The pore water salinity (15 ppt) and halophytic
cover and richness (43% and 0.7 spp. 0.5 m-2, respectively) were relatively low for a
reference marsh. Nekton density (Figure 19a) and richness values (Figure 20) were lower
than pre-restoration conditions, so the RPI nekton score is low, but the amount of fish
habitat available in the marsh increased dramatically due to restoration. Considering the
problems with this site being very high in the intertidal zone, underlain by coarse
overwash deposits and the construction not designed to remove all Phragmites rhizomes,
this site has performed very well.
Future Restoration
The relatively small differences in hydrology, salinity and Phragmites cover appear to
be driven by several restoration approaches (addition of creeks and surface sediment
removal), as well as by natural yearly variation. Salt marsh plant and faunal communities
are largely dependent on tidal exchange (Vince and Snow 1984). In many cases, tidal
restrictions shift vegetation communities towards brackish species including exotic
Phragmites (Burdick and Konisky 2004). Tidal culvert restoration in 1995, and creek
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construction and sediment removal in 2004 were employed to help return Meadow Pond
and its tidal marshes back toward a natural state. Both restorations were aimed at
enhancing tidal exchange to the marsh, and in both cases the strongest evidence of
success was limited to certain areas (i.e. southern end of the marsh and the SCALP area).
Two questions are posed as to why tidal exchange remains restricted: (1) Does the
restored culvert of 1995 allow for adequate tidal exchange for the entire marsh system?
(2) Has the elevation of the marsh increased with decades of higher accretion rates from
Phragmites dominance? Tidal exchange still remains inadequate at or near the tidal
culvert as shown by the water accumulation in the Pond associated with rainfall events
and spring tides (Figure 5). A mechanism that allows Phragmites to avoid stresses
associated with tidal flooding is enhanced accretion (Rooth et al. 2003). In the case of
Meadow Pond, accretion accelerated by Phragmites limited tidal flooding and the
underlying coarse over wash sediments provided enhanced drainage. It is likely
therefore, that both the current culvert and the elevation of the marsh contribute to
inadequate tidal exchange. Furthermore, our data suggest that a deep coarse layer of
sediment is likely to result in edaphic conditions that competitively favor brackish species
over native salt marsh grasses.
Considering the post restoration results in light of site conditions and the current tidal
restriction, the vegetation is not likely to revert back toward native salt marsh grasses
unless further modifications increase the tidal exchange. In fact, Meadow Pond marsh
may experience resurgence of Phragmites and other brackish species if regional warming
and increased precipitation patterns continue. Minchinton (2002) found that Phragmites
had greater growth and reproductive output during El Nino years due to warmer
temperatures and increased rainfall.
The focus on tidal exchange should not overlook the problems of nutrient enrichment
at Meadow Pond. The northern section of the marsh lacks any vegetative buffer, and is
surrounded by residential development. Although, no nutrient analysis was performed, it
is likely that upland runoff and storm water drainage contributes to Meadow Pond’s
nutrient pool. Elevated nitrogen and phosphorus may favor Phragmites success over
native salt marsh grasses through a shift from belowground competition to aboveground
competition (Minchinton and Bertness 2003).
The RPI tells us that progress toward restoration goals has been made (i.e.,
establishing regular tidal flooding, increasing salinity, reducing the dominance of exotic
Phragmites, increasing native plants, and increasing fish habitat and use). However,
problems with limited flooding and tidal exchange will necessitate further restoration
work that should focus on: 1) relieving the remaining tidal restriction at or near the inlet
to Meadow Pond; removing marsh sediment to remove the underlying coarse substrate
and reduce elevation; and 3) reestablishing native plants to compete with exotic
Phragmites.
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Table 1 - Whole site assessment: summary of a two factor (2 x 2) ANOVA examining the effects of year (2003, 2005),
treatment (experimental and control), and their interaction on several edaphic conditions, vegetation characteristics for
two different methods (transect and station) and nekton. *P value < 0.05, **P value < 0.01

Year

Treatment

F ratio

P value

F ratio

P value

102.02
1.00
1.16
2.13
2.00
<0.001
1.04
7.04

<0.001 **
0.319
0.287
0.152
0.164
0.996
0.314
0.011 *

13.94
48.38
2.60
3.65
5.62
17.56
0.06
0.01

<0.001
<0.001
0.114
0.063
0.022
<0.001
0.813
0.918

3.17
0.08
0.12
1.61
15.33
36.28
13.97
0.20
0.34
0.60
2.86

0.077
0.776
0.729
0.207
<0.001 **
<0.001 **
<0.001 **
0.658
0.559
0.446
0.152

0.06
7.27
3.41
2.69
18.28
0.24
0.17
1.93
6.69
0.73
1.83

8.39
7.65
6.30
10.65
0.85
4.24

0.005
0.007
0.014
0.002
0.358
0.042

0.52
1.05

0.477
0.309

Year X Treatment
F ratio

P value

MSE

0.01
0.58
0.05
0.47
0.03
0.80
2.00
0.03

0.918
0.448
0.830
0.495
0.859
0.376
0.165
0.864

19.8
27.5
2.1
1.1
4835.8
5188.8
0.1
0.1

0.805
0.008 **
0.067
0.103
<0.001 **
0.623
0.678
0.167
0.011 *
0.402
0.234

0.21
0.03
0.23
14.37
3.52
5.53
0.12
0.04
0.01
0.05
0.15

0.648
0.868
0.633
<0.001
0.063
0.020
0.727
0.836
0.925
0.823
0.713

879.3
264.1
37.3
273.2
276.5
6225.8
2341.2
518.8
4143.5
1775.9
1584.9

9.96
1.49
3.02
0.63
1.59
2.19

0.002
0.225
0.085
0.429
0.210
0.142

3.60
2.07
1.40
1.05
1.51
0.98

0.061
0.154
0.239
0.308
0.223
0.326

1.50
10.58

0.228
0.002

1.06
8.88

0.310
0.004

Edaphic
Salinity Shallow
Salinity Deep
Sulfides Shallow
Sulfides Deep
Eh Shallow
Eh Deep
pH Shallow
pH Deep

**
**

*
**

Vegetation Transect
Phragmites Cover
Typha Cover
Lythrium Cover
Native Cover
Brackish Cover
Phragmites Density
Typha Density
Lythrium Density
Phragmites Height
Typha Height
Lythrium Height

**
*

Vegetation Station
Phragmites Density
Phragmites Height
Typha Density
Phragmites Cover
Typha Cover
Native Cover

**
**
*
**
*

**

3094.5
6494.1
145.7
779.2
115.8
207.0

Nekton
Fish Density
Fish Length

26

**

**

8330.8
154.1
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Table 2 - Experimental treatment assessment: summary of a two factor (2 x 4) ANOVA examining the effects of year
(2003, 2005), treatment (CONT, CREEK, OMWM, SCALP), and their interaction on several edaphic conditions and
vegetation characteristics of invasive species. *P value < 0.05, **P value < 0.01

Year

Treatment

F ratio

P value

F ratio

P value

95.88
1.74
0.64
2.59
2.58
0.11
3.25
7.55

<0.001 **
0.019 *
0.430
0.115
0.116
0.745
0.078
0.009 **

7.36
17.72
2.37
2.23
5.34
14.46
0.34
1.21

<0.001
<0.001
0.085
0.100
0.003
<0.001
0.799
0.319

16.51
3.50
3.46
13.35
0.09
6.27

<0.001 **
0.065
0.066
<0.001 **
0.762
0.014 *

5.84
0.82
1.76
0.32
1.95
1.55

0.001
0.489
0.160
0.810
0.127
0.207

Year X Treatment
F ratio

P value

MSE

0.05
0.93
0.50
0.15
0.54
0.57
4.07
0.69

0.985
0.426
0.683
0.932
0.658
0.639
0.013
0.565

19.5
27.2
2.0
1.1
4096.6
3753.8
0.5
0.5

6.31
0.27
0.65
1.03
0.54
1.14

0.001
0.846
0.582
0.384
0.658
0.337

Edaphic
Salinity Shallow
Salinity Deep
Sulfides Shallow
Sulfides Deep
Eh Shallow
Eh Deep
pH Shallow
pH Deep

**
**

**
**

*

Vegetation Station
Phragmites Density
Phragmites Height
Typha Density
Phragmites Cover
Typha Cover
Native Cover

27

**

**

2639.2
4151.8
147.4
792.4
115.3
205.1
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Table 3 - Plant diversity indices for each treatments within the re-vegetation planting experiment in the
SCALP area.
Species Richness
Species evenness (J) Shannon Hi
Per Plot
Per Treatment
Control
Planted (BRS)
Planted Plastic (BRS-BP)

1.767
2.433
1.133

9
8
6

28

0.170
0.186
0.061

0.374
0.386
0.110
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Table 4 - Pore water chemistry across marsh elevation for the elevation-diversity
experiment. Means of salinity, redox Eh, and sulfide concentration are reported ± SE.
ns = non significant. Bars represent ± 1 standard error. Within parentheses are plot
elevations of different treatments. Elevation at zero represents the base of the main
creek at Meadow Pond.

Elevation-Diversity Experiment
Pore water
Salinity (ppt)
Redox (mV)
Sulfides (µM)

High Marsh Mid Marsh
(36.0 cm)
(29.5 cm)
23 ± 1
-24 ± 69
92 ± 44

29

25 ± 1
85 ± 14
4±1

Low Marsh
(20.2 cm)
25 ± 1
-7 ± 36
6±1

ns
ns
ns
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Table 5 - Summary of ANOVA results examining the effects of
elevation on Phragmites performance for the elevation-diversity
experiment.

Elevation-Diversity Experiment
Phragmites Shoots
Aboveground Biomass (g)
Shoot Growth (cm)
Shoot Density (#)
Shoot Mortality (%)
Quantum Yield (▲F/Fm’)

Elevation
F ratio P value
0.69
2.10
4.38
0.31
1.91

30

0.275
0.204
0.240
0.510
0.262
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Figures
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Figure 1 – Map of Meadow Pond, showing inlet at Winnicunnet Road (culvert expanded
for tidal restoration in 1995), restored marsh in southern portion, extensive residential
development along eastern portion, experimental restoration area in northern portion, and
areas north of High Street (Route 27) and Cusack Road (currently fresh water non-tidal
wetlands dominated by invasive Phragmites). Map image from Google Earth, taken July
28, 2007.
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SCALP
CREEK

CONT

OMWM

CONT

REF

Figure 2 – Northern portion of Meadow Pond at high tide (April 17th 2008) with
experimental areas outlined: SCALP is excavated with the deeper portions shown
underwater; CREEK has constructed tidal creeks, OMWM has three small creeks, two
with pools typical of open marsh water management, and CONT are control areas with
significant amounts of native vegetation. Map image is from Google Earth.
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Figure 3 – Photograph of the planting design for the elevation-diversity experiment in the
SCALP area. Each elevation contained three replicates, which in turn contained each
diversity level (High, Mid & Low).
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Figure 4 – (a) Water levels for data collected in 2003 within a pool at the northern edge
of the marsh and the main tidal creek. (b) Daily rainfall totals for the period of water level
data collection for Meadow Pond in 2003.

35

Burdick et al. 2010

Figure 5 – (a) Water levels for data collected in 2005 within the newly excavated pool
and the mouth of the main tidal creek. (b) Daily rainfall totals for the period of water
level data collection for Meadow Pond in 2005
.
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Figure 6 – (a) Average shallow well salinity recorded for 2003 and 2005 (b) Average deep well salinity recorded for 2003 and 2005.
The dashed line represents 20 ppt, which has been shown to increase Phragmites mortality (Vasquez et al. 2005).
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Figure 7 – Shallow well salinity across all sampling dates for (a) 2003 and (b) 2005. Deep well salinity across all sampling dates for
(c) 2003 and (d) 2005. The dashed line represents 20 ppt, which has been shown to increase Phragmites mortality (Vasquez et al.
2005).
38

Burdick et al. 2010

Figure 8 – (a) Shallow and (b) deep well salinity partitioned out into year and treatment for the whole site assessment. Black bars
represent 2003 data, and white bars represent 2005 data. See Table 1 for ANOVA summary table. The dashed line represents 20 ppt,
which has been shown to increase Phragmites mortality (Vasquez et al. 2005). F-test is for the interaction of treatment by year.
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Figure 9 – Shallow well salinity partitioned out into date and treatment for the whole site assessment for (a) 2003 and (b) 2005. Deep
well salinity partitioned out into date and treatment for the whole site assessment for (c) 2003 and (d) 2005. The dashed line
represents 20 ppt, which has been shown to increase Phragmites mortality (Vasquez et al. 2005). Shaded regions are not included in
comparative two way ANOVAs. F-test is for date by treatment interaction.
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Figure 10 – (a) Soil organic matter percentage averaged for control and experimental
areas for the whole site assessment in 2003. (b) Organic matter percentage averages
across depth and treatment for the whole site assessment in 2003. F-test is for treatment
by depth interaction.

41

Burdick et al. 2010

Figure 11 – Soil redox levels in 2003 and 2005 for (a) shallow and (b) deep measurements for the whole site assessment. Redox
values were corrected by adding 244 mV to each reading to arrive at Eh . Black bars represent 2003 data, and white bars represent
2005 data. F-test is for treatment by year interaction.
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Figure 12 – Soil sulfide concentrations across treatment for (a) shallow and (b) deep measurements, for the whole site assessment.
Porewater was sampled in September for both sampling years. Black bars represent 2003 data, and white bars represent 2005 data. Ftest is for treatment by year interaction.
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Figure 13 – Soil pH concentrations across treatment for (a) shallow and (b) deep measurements for the whole site assessment. Black
bars represent 2003 data, and white bars represent 2005 data. F-test is for treatment by year interaction.
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Figure 14 – Percent aerial coverage of all species in (a) 2003 and (b) 2005 for control and
experimental areas. Data used was collected from the vegetation transect method for the
whole site assessment. Black bars represent control, and white bars represent
experimental. F-test is for the interaction of treatment by plant type or species.
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Figure 15 – Invasive species density for (a) 2003 and (b) 2005, and average height for (c) 2003 and (d) 2005. Data used was collected
from the vegetation transect method for the whole site assessment. Black bars represent control, and white bars represent
experimental. F-test is for the interaction of treatment by plant species.
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Figure 16 – Percent aerial coverage of native species, Phragmites and Typha across
treatment for (a) 2003 and (b) 2005. Data used was collected from the vegetation station
method for the whole site assessment. F-test is for the interaction of treatment by plant
type.
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Figure 17 – Phragmites average stem height across year and treatment. Data used was
collected from the vegetation station method for the whole site assessment. Black bars
represent 2003, and white bars represent 2005. F-test is for the interaction of treatment by
year.

48

Burdick et al. 2010

Figure 18 – Stem count for (a) Phragmites and (b) Typha across year and treatment. Data used was collected from the vegetation
station method for the whole site assessment. Black bars represent 2003, and white bars represent 2005. F-test is for the interaction of
treatment by year.
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Figure 19 – (a) Fish density across year and treatment. F-test is for the interaction of year by treatment. Black bars represent 2003,
and white bars represent 2005. (b) Fish density across year and habitat. F-test is for the interaction of year by habitat type. Black bars
represent 2003, and white bars represent 2005. Data used was collected from whole site assessment.
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Figure 20 – Fish density across treatment by year for (a) creeks and (b) pannes for the
whole site assessment. Black bars represent creeks, and white bars represent pannes. Ftest is for the interaction of treatment by year.
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Figure 21 – Fish lengths across treatment and year for (a) creeks and (b) pannes for the
whole site assessment. Black bars represent creeks, and white bars represent pannes. Ftest is for the interaction of treatment by year.
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Figure 22 – Fish lengths across treatment and gender for (a) 2003 and (b) 2005 for the
whole site assessment. Black bars represent control, and white bars represent
experimental.
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Figure 23 – (a) Shallow and (b) deep well salinity partitioned out into year and treatment for the experimental treatment assessment.
Black bars represent 2003 data, and white bars represent 2005 data. See Table 2 for ANOVA summary table. The dashed line
represents 20 ppt, which has been shown to increase Phragmites mortality (Vasquez et al. 2005). F-test is for the interaction of
treatment by year.
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Figure 24 – Shallow well salinity partitioned out into date and treatment for the experimental treatment assessment for (a) 2003 and
(b) 2005. Deep well salinity partitioned out into date and treatment for the experimental treatment assessment for (c) 2003 and (d)
2005. The dashed line represents 20 ppt, which has been shown to increase Phragmites mortality (Vasquez et al. 2005). Shaded
regions are not included in comparative two way ANOVAs. F-test is for date by treatment interaction.
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Figure 25 – (a) Soil organic matter percentage averaged for control and experimental
areas for the experimental treatment assessment in 2003. (b) Organic matter percentage
averages across depth and treatment for the experimental treatment assessment in 2003.
F-test is for the interaction of treatment by depth.
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Figure 26 - Soil redox levels in 2003 and 2005 for (a) shallow and (b) deep measurements for the experimental treatment assessment.
Redox values were corrected by adding 244 mV to each reading to arrive at Eh. Black bars represent 2003 data, and white bars
represent 2005 data. F-test is for treatment by year interaction.
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Figure 27 – Soil sulfide concentrations across treatment for (a) shallow and (b) deep measurements, for the experimental treatment
assessment. Porewater was sampled in September for both sampling years. Black bars represent 2003 data, and white bars represent
2005 data. F-test is for treatment by year interaction.
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Figure 28 – Soil pH concentrations across treatment for (a) shallow and (b) deep measurements for the experimental treatment
assessment. Black bars represent 2003 data, and white bars represent 2005 data. F-test is for treatment by year interaction.
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Figure 29 – Stem count for (a) Phragmites and (b) Typha across year and treatment. Data used was collected from the vegetation
station method for the experimental treatment assessment. Black bars represent 2003, and white bars represent 2005. F-test is for the
interaction of treatment by year.
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Figure 30 – Percent aerial coverage of native species, Phragmites and Typha in (a) 2003
and (b) 2005 for the experimental treatment assessment. Data used was collected from
the vegetation station method. F-test is for the interaction of treatment by plant type or
species.
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Figure 31 – Phragmites average stem height across year and treatment. Data used was
collected from the vegetation station method for the experimental treatment assessment.
Black bars represent 2003, and white bars represent 2005. F-test is for the interaction of
treatment by stem height.
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Figure 32 – Quantum yield (▲Fv/Fm) across treatment for the experimental treatment
assessment.
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Planting Exp: Cover Type vs. S. Alterniflora Survivorship 2005
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Figure 33 – S. alterniflora survival percentage rate across soil cover type (BRS and BRSBP) for the 2005 re-vegetation experiment. The control treatment was not included in the
one factor analysis of variance because it was not planted with S. alterniflora.
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Figure 34 – Phragmites stem (a) density and (b) height across soil cover type for the 2005 re-vegetation experiment.
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Figure 35 – Photograph of S. alternifora planting in the BRS-BP and BRS plots for the re-vegetation experiment in the SCALP area.
Photographed on 9-10-06.
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Figure 36 – Percent aerial coverage of Phragmites, S. alterniflora and total native species across soil types for the 2005 re-vegetation
experiment.
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Figure 37 – Percent aerial vegetative coverage for the 2005 re-vegetation experiment including (a) BRS plots (b) BRS-BP plots (c)
control plots. Percent aerial coverage was converted to aerial vegetative cover by taking the actual aerial coverage and dividing it by
the total vegetative cover for each species.
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Figure 38 – (a) Changes in Phragmites aboveground biomass and (b) Phragmites net growth across plot diversity level for the
elevation-diversity planting experiment.
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Figure 39 – The mortality rate of Phragmites across plot diversity level for the elevation-diversity planting experiment.

70

Burdick et al. 2010

Figure 40 – Restoration performance index (RPI) summary scores broken down by core groups (hydrology, pore water, vegetation,
and nekton) for each year post-restoration with available data. Years 2 and 3 include nekton data, while year 4 does not. Data
represented in years 3 and 4 were obtained from Moore et al. (2009).
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Figure 41 – A close up photograph of the BRS-BP for the re-vegetation experiment in the SCALP area. Phragmites emerged through
the black plastic mulch and was photographed on 9-10-06.
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