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EXECUTIVE SUMMARY 

 

Tidal wetlands are important ecosystems that provide a number of ecosystem services such as nutrient 

transformation and removal, carbon sequestration, and habitat for fish and wildlife. Tinicum marsh in 

John Heinz National Wildlife Refuge is Pennsylvania’s largest and last remaining tidal wetlands.  

Tinicum is one of nine wetland monitoring sites within the Mid-Atlantic Coastal Wetland Assessment 

Site-Specific Intensive Monitoring network (MACWA SSIM). MACWA was developed to assess coastal 

wetland condition in the mid-Atlantic, as there was little information on baseline wetland structure and 

function as well as how tidal wetlands were responding to climate change including sea-level rise. In 

order to assess several physical, chemical, and biological parameters that can be used in evaluating 

wetland structure and function, we developed five central questions: (1) Are wetlands keeping up with sea 

level rise?; (2) Are plant zones and plant morphology changing over time?; (3) Is peak above- and 

belowground biomass changing and how does it contribute to accretion?; (4) Is soil and water chemistry 

changing over time and is it related to accretion?; and (5) Is there a change in faunal abundance over 

time?  To address these five questions our five specific objectives are to determine: (1) marsh surface 

elevation change; (2) above- and belowground plant biomass and surface algal biomass; (3) plant 

community shifts and faunal presence; (4) soil nutrients, organic matter and carbon content with depth; 

and (5) tidal creek nutrient concentrations. Overall, initial baseline data suggest that the impact of relative 

sea-level rise such as an increase in salinity in tidal freshwater wetlands and/or an increase in accretion 

was not apparent over the first two years. Elevation change and surface accretion did not significantly 

differ from zero over the first two years, largely due to large temporal fluctuations.  Additional years of 

monitoring are necessary to quantify significant seasonal, inter-annual, and long-term trends in vertical 

marsh growth.   The plant community in Tinicum was dominated by Nuphar lutea with a large increase in 

Zizania aquatica from 2011 to 2013. Inter-annual biomass dynamics were influenced by the change in 

dominant species. Aboveground biomass of Nuphar lutea averaged 148 ±14 g/m2 in 2011. The high 

marsh near SET 3 generally had higher biomass averaging 1493 ± 625 g/m2 of live Zizania aquatica in 

2013. Belowground, live biomass was greater than that above, averaging >2000 g/m2. Soil organic matter, 

organic carbon, and nitrogen were similar between years but were two times higher in the high marsh 

averaging 30, 14, and 0.9%, respectively. Inorganic nutrient concentrations were relatively high with 

soluble reactive phosphorus the most variable among sampling times. The year of wetland monitoring of 

the present study allowed us to examine differences among years. Additional monitoring is necessary to 

evaluate longer-term trends, relationships between variable, and to continue to compare the structure and 

function of Tinicum marsh to other sites within the MACWA SSIM network. 
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Introduction 

 

Tidal wetlands provide important ecological services including nutrient cycling, carbon storage, 

storm surge protection, natural flood control, and essential habitat for commercially important fish and 

shellfish. Concern about human impacts to tidal wetlands such as the effects of relative sea level rise, 

nutrient loading, climate change, and coastal development underlies the necessity for an intensive 

evaluation of wetland structure and function.  Climate change is influencing all ecosystems on Earth. One 

of the proximal relationships that climate change is having on tidal wetlands is through its impact on sea 

level. Wetlands along the mid-Atlantic coast of the U.S. are subject to sea-level rise relative to the land 

surface. The rate of local sea-level rise near Philadelphia, PA has averaged 2.8 mm/yr over the last 

century and is predicted to increase (NOAA 2012). Sea level rise influences tidal wetlands in many ways. 

Wetlands must maintain their elevation relative to sea level to prevent conversion to open water. Both 

plant production and sedimentation are processes that influence vertical marsh accretion rates. Wetland 

plants are adapted to tidal flooding to a certain physiological limit beyond which, they become stressed. 

Inorganic sediment makes up less than 5% of the soil volume but is extremely important for maintaining 

marshes at an elevation where plant growth can continue. If soils do not accumulate enough organic and 

inorganic materials to overcome the rate of sea level rise and geologic subsidence, marshes will become 

subtidal.  Accretion can increase as sea level increases to a particular tipping point, a rate at which 

wetlands cannot keep up and will ultimately subside below the water. Therefore, it is important to assess 

the response of wetlands to sea level rise over time by obtaining continuous accretion data.   

Sea-level rise can also cause shoreline transgression, which forces coastal marshes to migrate 

landward and upward (Kraft et al. 1992, Warren and Niering 1993, Donnelly and Bertness 2001). 

Landward migration will cause a shift in species composition with low marsh species replacing mid- and 

high marsh species and likewise, brackish wetlands replacing tidal fresh water marshes. However, in 

areas where marsh migration is precluded by development and/or a steep upland slope, community shifts 

will also favor a replacement of higher intertidal species by lower species but ultimately tidal flooding 

may limit plant survival.  Therefore, relative sea level rise may cause inland migration of marshes and 

species shifts in some areas and species shifts and marsh loss in other locations depending on the degree 

of development and the slope of the land inland of the wetlands. Indicators of wetland migration due to 

sea level rise include shifts in plant communities, plant morphology, and topographical changes over 

time. Therefore, examining elevation change along with spatially-explicit plant community, and 

vegetation characteristics such as height, stem density, and above-and belowground biomass will allow us 

to assess the physical and biological changes to wetlands over time.  
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In tidal freshwater wetlands, an increase in salinity associated with sea level rise may occur over 

short time periods such as with a storm surge or over a longer time period as with a gradual increase in 

sea level. Salt water intrusion to brackish and fresh water marshes may have a severe impact on the plant 

and microbial communities, particularly when there is a lack of flushing by fresh water through 

precipitation and/or stream-flow (Weston, 2006; Craft et al., 2008, Weston et al., 2009). When pore water 

salt concentrations remain high, plant species adapted to lower salinity become stressed and less 

productive, and may die, potentially leading to conversion to open water. The pathways for anaerobic 

decomposition will also be altered by an influx of sea water to fresh water wetlands. Anaerobic 

decomposition in fresh water wetlands in dominated by the reduction of carbon dioxide (CO2) to methane 

(CH4) pathway. An introduction of sea water containing sulfate would potentially increase the rate at 

which organic matter is decomposed due to a more efficient pathway of sulfate (SO4-3) reduction. Thus, 

plant community and biomass, salinity, soil quality, and accretion measurements are important indicators 

for documenting change in salinity over time.  

In addition to climate and sea level change factors, there are a number of ways in which humans 

have altered our environment to affect coastal wetland extent, structure, and function. Coastal 

development, groundwater withdrawal, altered sediment load, and increased nutrient load are a few of the 

ways in which we have impacted wetlands. With these changes to our environment in mind, we 

developed five central questions to guide our study objectives. 

In order to assess several physical, chemical, and biological parameters that can be used in 

evaluating wetland structure and function, we developed five central questions:  

 

1. Are wetlands keeping up with sea level rise? 

2. Are plant zones and plant morphology changing over time? 

3. Is peak above- and belowground biomass changing and how does it contribute to accretion? 

4. Is soil and water chemistry changing over time and is it related to accretion? 

5. Is there a change in faunal abundance over time? 

 

To address these five questions our five specific objectives are to determine:  

 

1. Marsh surface elevation change  

2. Above- and belowground plant biomass and surface algal biomass  

3. Plant community shifts and faunal presence  

4. Soil nutrients, organic matter and carbon content with depth  

5. Tidal creek nutrient concentrations  
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Baseline data for all parameters were collected in 2011 as part of an EPA-funded wetland 

program development grant.  The 2012 PA Sea Grant allowed us to continue our assessment at the 

Tinicum wetland into 2013 and gather data to document baseline structure and helped to determine if this 

important Pennsylvania freshwater tidal wetland is changing with respect to elevation, and plant 

community, plant biomass, and soil and water nutrients and whether there are relationships among these 

factors. In addition, a similar study design was established in eight wetlands along the Delaware Bay and 

three wetlands along Barnegat Bay and thus Tinicum was included in our regional wetland assessment 

(Elsey-Quirk 2014). 

 

Methodology 

Study site-The study was conducted in Pennsylvania’s only remaining tidal freshwater wetland at 

Tinicum within the John Heinz National Wildlife Refuge.  Tinicum represented one of three tidal 

freshwater wetlands along the Delaware River Estuary where similar methods were implemented to 

address critical questions about the effect of climate change including sea level rise.  Tinicum wetland is a 

part of the John Heinz National Wildlife Refuge and is the largest remaining freshwater tidal wetland in 

Pennsylvania (Figure 1). Tinicum is located within the Darby-Cobbs Creek watershed in southeastern 

Pennsylvania. The Darby-Cobbs watershed encompasses approximately 207 km2 and drains through the 

Tinicum wetland to the mouth of Darby Creek at the Delaware River Estuary, south of Philadelphia. Tidal 

influence exists throughout the lower portion of Darby Creek and its tributaries up to the Fall Line. 

Approximately 500,000 people live within the watershed and land use is a mix of high-density residential, 

industrial, parkland, golf courses, and protected wetland areas. Urbanization of the Philadelphia area since 

World War I has reduced tidal marshes to approximately 0.81 km2. A diked, non-tidal area of 0.59 km2 

lays to the east of Tinicum marsh. (DCVA 2005).  
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Fig. 1. Tinicum marsh study site, John Heinz National Wildlife Refuge, PA.  

 

Methods- 

Objective 1. Surface elevation change was determined using previously installed rod surface 

elevation tables (SETs) and marker horizons (SET-MH) (Cahoon et al. 2002). The objectives of 

evaluating surface elevation changes were two-fold: 1) to measure rates of surface elevation change 

relative to sea level rise and other environmental stressors and 2) to help understand the processes that 

maintain marsh elevation. The net change in marsh elevation relative to a fixed datum was determined by 

using SETs (Cahoon et al. 2002), which measure the net result of processes of increasing (e.g., surface 

sediment deposition, soil peat accumulation) and decreasing (e.g., compaction, decomposition) elevation. 

Three permanent deep rod benchmarks (approximately 12 -15 m) were established in Tinicum as the base 

of the SET. The three SETs were arrayed along a single transect in interior marsh areas (i.e., not along the 

creek bank), which cover the largest proportion of total marsh area (Figure 2). The established transect 

was perpendicular to the main sediment source (tidal creek or estuary). SETs were established in 2010 

and SET data collection began in the spring 2011.  Surficial accretion of material was determined by 

measuring the vertical increments of accumulation over defined time periods above a marker horizon 
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placed on the marsh surface in 2011 (e.g., Cahoon and Turner 1989). Feldspar marker horizons were 

established in three plots adjacent to each of the three SETs (Figure 2). Short-term sedimentation rates 

were determined by collecting one core in each plot area four times per year for measurement of sediment 

accumulation above the marker horizon. Due to the unconsolidated nature of tidal freshwater marsh soils, 

cryocoring with liquid nitrogen allowed for an accurate measurement of accumulation above the MH.  

SET and MH data were collected two times for the present study, once in the spring and once in the fall of 

2013. 

 

 

Fig. 2. Conceptual experimental design for Site-Specific Intensive Monitoring. The design includes 

three surface elevation tables each paired with three marker horizons, (SET-MH), three biomass 

plots, and soil cores near SET 1 and SET 3, three line transects for RTK and plant community 

surveys and five water sampling locations.  

 

Objective 2. Plant community assemblage was characterized using three methods: 1) line 

transects; 2) permanent plots; and 3) random edge vegetation plots. In order to examine plant community 

(i.e. dominant species) change over time, previously surveyed line transects (3 per marsh) were surveyed 

once per year at peak biomass (August) (Figure 2). Major changes in plant communities were 

determined. Three parallel replicate lines were surveyed to measure latitude, longitude and elevation 

using survey grade GPS RTK (Leica GX1230 GG) paired with a GNSS Base station (AX1202 GG).  Data 

points were taken from the marsh edge every 25 m or where there is a shift in the dominant species 

present to 25 m beyond the most landward SET. Emergent macrophyte species within a square meter of 
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the line were identified. RTK GPS was used to mark the location and elevation of plant community 

changes along transects. Using the data from previous years, this same transect was surveyed in August 

2013 and changes in plant communities were determined.  

A total of nine permanent 1-m2 quadrats  were established and marked with stakes along transect 

lines in each wetland site. Three replicate plots (n = 3) were established at the marsh edge, and two at 

distances from the marsh edge to the marsh interior. The plant community assemblage was characterized 

within each quadrat by determining the species present, invasive species, percent cover by species, and 

stem height for the first 25 stems and light intensity at the sediment surface. Six random edge plots was 

established to measure vegetation characteristics similar to that in the permanent plots. This project 

element was conducted by the Partnership for Delaware Estuary (see Appendix A). 

Nine 1 m2 permanent vegetation plots (PVs) and six ¼ m2 random edge (REs) plots (Figures 2 

and 4) were assessed on August 5, 2011, July 13, 2012, and August 16, 2013. The nine PVs are grouped 

transversely across the three transects, so that PVs are triplicates within their proximity (“near”: PV 

numbers 1, 2, 3, closest to mouth or water edge; “mid”: 4, 5, 6 and “far”: 7, 8, 9 furthest upstream or from 

water). Therefore, all calculations represent the average PV value for its group (near, mid or far). All plots 

were relocated using handheld GPS units, but only PVs were marked with permanent PVC markers. 

Percent plant species cover, species dominance, light obstruction, and average blade heights were 

recorded for all plots (MACWA SSIM QAPP 2010). From these measurements, canopy closure (light in 

kfc/blade height in cm) and alpha diversity (Shannon-Weiner) were calculated.  

A canonical correspondence analysis (CCA) was run on these metrics, as well as SET and 

accretion data, which were introduced into the CCA as covariants. CCA is a multivariate comparison that 

allows us to discern differences between years among the suite of SSIM variables since temporal data are 

currently too limited to perform robust linear regressions. Each year, therefore, is compared to the other 

as an independent sample. From the CCA, an ordination plot is generated. An ordination plot allows us to 

visualize correlations between variables, and the strength of these relationships.  

 

Objective 3. At peak biomass (August), three plots were established approximately10 m 

landward of SETs 1 and 3 (Figure 2).  Aboveground biomass was harvested within 0.5 m2 quadrats by 

clipping all standing vegetation at the marsh surface. Aboveground biomass was placed into labeled 

plastic bags and taken back to the lab for processing. All litter on the marsh surface within the plot area 

was collected and placed in a labeled bag. Belowground biomass was collected within the center of the 

clipped plot as a 15-cm diameter x 30-cm depth soil core using a pvc core barrel. The belowground 

biomass was washed over a 5 mm mesh sieve and separated into live and dead material. All material was 

washed and dried at 60°C to a constant weight.  
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To measure surface algal biomass, three soil plugs were collected 10 m landward of SETs 1 and 3 

three times per year using a cut stainless steel pipe (2.5 cm diameter x 2.5 cm depth). The top 1cm depth 

was sectioned and processed for measurement of chl a.  

 

Objective 4. Soil cores (10 cm diameter x 30 cm depth) were collected adjacent to the plots 

established for biomass sampling. Soil organic content and quality (% carbon, nitrogen, and phosphorus 

and LOI) was determined for three depths of 5, 15, and 25 cm. To distinguish between inorganic and 

organic matter deposition the percent loss on ignition was determined by placing samples in a muffle 

furnace at 450°C for 8 hours.  Total organic carbon and nitrogen was measured using a CE Flash 

Elemental Analyzer following the guidelines in EPA 440.0, manufacturer instructions and ANSP-PC 

SOP. Soil samples will pre-treated with HCL to remove inorganic carbon.  

 

Objective 5. Five points was established along the nearest main channel or tidal creek for spot 

measurements using an YSI and water collection. Spot measurements included temperature, conductivity, 

dissolved oxygen, and depth (YSI meter). Tidal creek surface water samples were collected, filtered, and 

analyzed for dissolved and particulate nutrients. Sampling and data collection occurred approximately 

two hours after high tide (i.e., during ebb tide). One gallon cubitainers were rinsed with site water and 

then filled at each of the five locations along the main channel of Darby Creek. Cubitainers were stored 

on ice in the dark while in the field. Water samples were analyzed for total suspended solids, suspended 

Chlor a (fluorometric; non-acidification method), dissolved ammonium+ammonia, dissolved 

nitrate+nitrite, soluble reactive phosphorus, dissolved organic carbon, total nitrogen (TKN+Dissolved 

nitrate+nitrite), and total phosphorus.  

 

Data Analysis 

The significance of linear trends in surface elevation change and accretion rate over time in each 

site was tested using type 2 regression analysis.  The effect of the treatment area on linear slopes of 

elevation change and accretion within each geographic location was tested using a t-test. Generalized 

linear modelling was used to test for differences in plant biomass, and water and soil chemistry among 

sites and over time.  Data were transformed, if necessary, to meet the normality assumptions of ANOVA.  

Post-hoc Tukey test was used to test for seasonal and spatial differences in water column parameters, 

aboveground biomass, soil organic matter, carbon and nitrogen concentration and C:N ratio. All data 

analyses were conducted using JMP SAS (JMP SAS, 2008).   

 

Results 



10/1/2014 
 

Elevation Change and Accretion  

Over the two year period, there was no significant trend for either surface accretion or elevation 

change, which averaged 16 ±15 and 14 ± 10 mm/yr, respectively (R2 = 0.47, p = 0.1293 and R2 = 0.10, p 

= 0.1230, respectively).  Surface accretion and elevation change in Tinicum marsh was seasonally variable 

with the largest decrease in elevation from November 2012 to the following April 2013 (Figure 3). Based 

on the difference between surface accretion and elevation change, this decline was associated with 

subsurface processes such as a reduction in water or root volume.  Elevation increased to the previous level 

by the following October, some of which was associated with surface deposition (Figure 3).  Organic 

content of material accreting on the marsh surface averaged 15 ± 2%. 

 

Fig. 3. Elevation change and accretion in Tinicum marsh since 2011 relative to NAVD88. Values 

are means ± standard error (n = 3).   
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Plant Community  

 The dominant species along line transects were N. lutea, Z. aquatica, P. virginica, Sagittaria 

latifolia, and Pontedaria chordata (Figure 4; Table 1). 

 

Fig. 4. Locations of RTK-surveyed line transects for annual plant community surveys in 

Tinicum, Delaware Estuary. 

 

Ten dominant species were recorded along transects at Tinicum in 2011 and 2013.  Four of 

those species were present in both years (Table 1). Nuphar lutea was the most abundant species, 

followed by Zizania aquatica. Nuphar lutea was found in the lowest elevation ranges and occurred 

across the widest range of elevation of over 1m (Table 1). Zizania aquatica also occurred over a large 

elevation range and was found associated with the highest elevations along transects. 
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Table 1. Elevation range of dominant species encountered along line transects in Tinicum marsh 

in 2011 and 2013. The frequency at which species were encountered as dominant species across 

all transects (freq) is in parentheses. 

 

 

Vegetation and Fauna in Fixed Plots 

The community structure of permanent plots was mostly composed of Zizania aquatica, Nuphar 

lutea, and Peltandra virginica. Plant dominance in far plots shifted from Peltandra virginica in 2011 and 

2012 to Scirpus fluviatilis in 2013 (Table 2). Far plots also experienced a decrease in light penetration, 

and an increase in average stems heights (Table 3). This change is likely associated with the community 

dominance change as S. fluviatilis has thin, grass-light blades, heights averaging 165 cm, and P. virginica 

has broad leaves and heights averaging 78 and 79 cm for 2011, 2012, respectively (Table 4). Dominance 

in mid permanent plots shifted from Zizania aquatica in 2011, to Nuphar lutea in 2012; dominance of 

Zizania aquatica returned, however, in 2013 (Table 2). Light penetration in years where Z. aquatica 

dominated was lower than when Nuphar lutea dominated, which can also be contributed to the difference 

in leaf morphology as N. lutea has broader leaves than Z. aquatica. Two out of the three near permanent 

plots have been reset due to PVC marker loss, so comparing year to year variation at these locations is 

inappropriate. Species diversity (given by Shannon’s Diversity Index; Table 2) is highly variable from 

year to year.  

 

 

  

Site Species 5-Aug-11 16-Aug-13 Maximum elevation range (m) 

Tinicum Acorus calamus 0.29 (0.01)

Bidens laevis 0.73 (0.01)

Nuphar lutea -0.83 - 0.42 (0.49) -0.90 - 0.50 (0.47) 1.40

Peltandra virginica 0.29 - 0.87 (0.11) 0.58

Polygonum punctatum 0.71 (0.01)

Pontederia cordata 0.23-0.40 (0.03) 0.17

Sagittaria latifolia 0.29 - 0.52 (0.07) 0.35 - 0.38 (0.02) 0.23

Schoenoplectus fluviatilis 0.72 (0.01) 0.62 - 0.75 (0.02) 0.13

Typha angustifolia 0.75 (0.01)

Zizania aquatica -0.20 - 0.73 (0.21) -0.04 - 0.81 (0.46) 0.93

Elevation range (m, NAVD88) (freq )
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Table 2. Percent cover of the first two most dominant species found in each plot, Shannon’s 

diversity indices (0-1, where 1 is most diverse). 

 

 

 

 

 

 

Table 3. Percent of light penetration, given by light intensity at the bottom of the canopy divided by 

the light intensity above the canopy. Values are averages ± standard errors (n = 3). 
 

 

 

 

 

 
 
 
 

Table 3. Percent of light penetration, given by light intensity at the bottom of the canopy divided by 

the light intensity above the canopy. Values are averages ± standard errors (n = 3). 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Plot Area Year First Dominant Coverage Second Dominant Coverage Diversity 

near PVs 

2011 Nuphar lutea 40% Pontedaria cordata 28% 0.58 

2012 NA NA NA NA NA 

2013 Zizania aquatica 78% none none 0.465 

mid PVs 

2011 Zizania aquatica 15% none none 0.73 

2012 Nuphar lutea 45% Zizania aquatica 15% 0.998 

2013 Zizania aquatica 28% Acorus calamus 27% 0.667 

far PVs 

2011 Peltandra virginica 37% Zizania aquatica 10% 0.45 

2012 Peltandra virginica 18% Nuphar lutea 10% 0.998 

2013 Scirpus fluviatilis 13% Asteraceae sp. 13% 0.801 

all REs 

2011 Nuphar lutea 43% Typha angustifolia 5% 0.47 

2012 Nuphar lutea 42% none none 0 

2013 Nuphar lutea 17% none none 0.689 

 

  
All Species 

Plot Area Year Mean (n=3) 

near PVs 

2011 0.411 ± 0.047 

2012 NA 

2013 0.276 ± 0.136 

mid PVs 

2011 0.147 ± 0.047 

2012 0.211 ± 0.056 

2013 0.198 ± 0.057 

far PVs 

2011 0.387 ± 0.265 

2012 0.072 ± 0.017 

2013 0.107 ± 0.027 

all REs 

2011 0.287 ± 0.109 

2012 0.304 ± 0.080 

2013 0.554 ± 0.093 

 
 



10/1/2014 
 

 

 

Table 4. Blade heights (cm) of dominant species within mid, near, far PVs and REs between three 

sampling years at Tinicum. Values are averages ± standard errors (n = 3). 

 

 

Plant Biomass  

  The plant community near Darby Creek was dominated by N. lutea while the high marsh area 

was comprised of a mixture of Zizania aquatica and Peltandra virginica. Stem density, averaged across 

species, was similar between low (SET 1) and high marsh (SET 3; Table 5).  

 

Table 5. Stem density and stem height of species near SETs 1 and 3 in Tinicum in mid-summer 

2011.  Values are averages ± standard errors (n = 3). 

 

 

 Total aboveground live biomass was significantly greater in 2013 compared to 2011 (t1, 8  = -3.59, 

p = 0.0071), largely associated with the presence of Zizania aquatica in 2013 (Figure 7). Five plant 

species were collected in biomass plots at Tinicum in 2011 and 2013.  Near SET 1, N. lutea dominated the 

aboveground biomass in 2011, and while present in 2013, Zizania aquatica was the dominant species 

(Figure 7).  Aboveground biomass of N. lutea was 148 ± 14 g/m2 in 2011 and 108 ± 31 g/m2 in 2013.  In 

Plot Area Year Mean (n=3) SE Species Mean (n=3) Mean (n=3)

2011 110.52 5.46 Nuphar lutea 59.4 ± 3.98 135.30 ± 6.61

2012 NA NA NA NA NA

2013 113.76 9.66 Zizania aquatica 196.2 ± 10.8 NA

2011 113.42 5.29 Zizania aquatica 164.8 ± 6.77 103.40 ± 4.81

2012 133.26 6.36 Nuphar lutea 98.9 ± 4.98 173.40 ± 5.40

2013 108.2 9.05 Zizania aquatica 206.6 ± 13.9 109.10 ± 9.30

2011 139.54 9.33 Peltandra virginica 78.7 ± 4.32 203.50 ± 28.8

2012 184.64 13.14 Peltandra virginica 79.6 ± 5.41 118.10 ± 7.24

2013 126.83 9.83 Scirpus fluviatilis 165.1 ± 12.8 104.30 ± 13.1

2011 131.75 8.59 Nuphar lutea 79.3 ± 3.57 218.20 ± 17.48

2012 105.41 4.21 Nuphar lutea 105.4 ± 4.21 NA

2013 94.72 7.83 Nuphar lutea 72.1 ± 3.54 NA

all REs

Typha angustifolia

none

none

First Most Abundant Species Second Most Abundant Species

mid PVs

Sagittaria latifolia

Zizania aquatica

Acorus calamus

far PVs

Zizania aquatica

Nuphar lutea

Asteraceae sp.

All Species

Species

near PVs

Pontedaria cordata

NA

none

Stem density (#/m
2
) Stem height (cm)

Site Location Species 2011 2011

Tinicum SET 1 Nuphar lutea 103 ± 24 35 ± 3 

SET 3 Peltandra virginica 112 ± 47 37 ± 9

Typha angustifolia 33 ± 15 127 ± 25
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2013, Zizania aquatica biomass averaged 788 ± 103 g/m2 near SET 1, and almost double that near SET 3.  

Although dead Z. aquatica was present in the high marsh in 2011, Typha and P. virginica were the 

dominant plant species. Belowground, there was a similar change in biomass composition. Near SET 1, 

live roots of N. lutea dominated the biomass with >1800 ± 600 g/m2 throughout the 0 – 30 cm depths in 

2011. Live root biomass of N. lutea was more variable in 2013. Zizania aquatica roots averaged 917 ± 455 

g/m2 in 2013 but were only found in significant quantity in the upper 0-15cm depths. Near SET 3, 

belowground biomass changed from all live and dead Typha in 2011 to live P. virginica and dead Typha in 

2013. Live P. virginica root biomass was spatially variable (found in only one core) near SET 3, most of 

which occurred at the 15 – 30 cm depth (Figure 7).  Belowground dead biomass across species was 

significantly greater in the high marsh (SET 3) compared to the low marsh (SET 1; t1, 8 = -2.67, p = 

0.0282).
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Fig. 7. Above- and belowground biomass near SET 1 (‘near’) and SET 3 (‘far’) in Tinicum marsh 

in mid-summer in 2011 and 2013 (n = 3).  

 

Algal Biomass 

Surface soil chl a concentration at Tinicum ranged from 8 to 33 µg/g wet wt.  Chl a was two times 

greater near SET 1 in May 2011,  yet lower than at SET 3 in April 2013 (date*SET interaction: F1, 8 = 

10.03, p = 0.0132).  Chl a concentration near SET 3 in April 2013 was highly variable (Figure 8). 
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Fig. 8. Chlorophyll a concentration on the marsh surface of Tinicum near and far from the estuary 

on different dates. Values are means ± standard errors (n = 3). 

 

Soil Quality  

Soil organic matter, organic carbon and total nitrogen were significantly greater in the Zizania-

dominated plant community far from the main channel near SET 3 than the Nuphar-dominated community 

near SET 1 at all depths (p < 0.005 for all comparisons; Figure 9).  Depth profiles of SOM, OC and TN 

were generally linear near SET 1 averaging 14 ± 1, 6.5 ± 0.2, and 0.37 ± 0.01%, respectively. Near SET 3, 

SOM, OC, and TN were ~3% lower at the 25 cm depth than at the 5 and 15 cm depths (p < 0.05 for all 

comparisons).  Soil organic matter, OC, and TN at the surface averaged 30 ± 2, 14 ±1, and 0.9 ± 0.1%, 

respectively. C:N molar ratio averaged 15.5 ± 0.3 at Tinicum across SET locations and depth. 
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Fig. 9. Soil organic matter, organic carbon, total nitrogen, and C:N ratio at three depths near (SET1) 

and far (SET3) from the main tidal channel in Tinicum marsh. Values are means across multiple 

collections (n = 3, ± standard error). 

 

Water Quality 

Temperature, conductivity, and dissolved oxygen in Darby Creek varied predictably among 

seasons (Table 6) with lower temperatures in the spring than in the fall months (F5, 24 = 99.66, p < 

0.0001).  In general, the lowest DO concentrations were observed in the mid-summer (4.4 to 5.4 mg/L; F5, 

24 = 56.03, p < 0.0001) with associated low percent saturations (54 to 62%).   

 

Table 6.  Surface water parameters collected by a handheld YSI in Darby Creek on different dates. 

Values are means ± standard errors (n = 5).  

 

 

  

Site Date Temperature (°C) Conductivity (µS/cm) Salinity Dissolved oxygen (%) Dissolved oxygen (mg/L) pH

Tinicum 9/7/2010 26.3 ± 0.1 633 ± 3 0.30 ± 0.01 99.0 ± 3.0 8.0 ± 0.2 6.86 ± 0.07

5/12/2011 16.9 ± 0.4 305 ± 10 0.17 ± 0.03 87.9 ± 2.6 8.4 ± 0.2 7.29 ± 0.14

8/8/2011 21.6 ± 0.3 199 ± 6 0.10 ± 0.00 61.7 ± 5.2 5.4 ± 0.5 6.54 ± 0.10

4/10/2013 14.5 ± 0.9 379 ± 21 0.18 ± 0.01 98.8 ± 2.4 10.3 ± 0.5 7.31 ± 0.04

8/16/2013 23.8 ± 0.5 282 ± 8 0.13 ± 0.00 53.6 ± 3.3 4.4 ± 0.2 7.01 ± 0.04

8/28/2013 25.8 ± 0.1 370 ± 27 0.17 ± 0.01 59.1 ± 1.8 4.7 ± 0.1 7.16 ± 0.02

10/29/2013 13.0 ± 0.6 447 ± 10 0.21 ± 0.01 69.7 ± 1.0 7.3 ± 0.1 7.13 ± 0.10

Parameter
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Nitrate+nitrite concentration in Darby Creek was greater in July and September 2010 and October 

2013 than the other sampling dates (F9, 36 = 23.72, p < 0.0001; Figure 10). Nitrate concentration averaged 

1.4 ± 0.1 mg/L.  Ammonium-N concentration averaged 0.25 ± 0.03 mg/L and was highest in April 2013 

(F9, 34 = 35.11, p < 0.0001) ranging 0.6 to 0.8 mg/L along the axis of Darby Creek.  SRP concentration was 

variable among sampling dates ranging from 0.0038 to 0.0066 mg/L.  

 

Fig. 10. Nitrate+nitrite-N, ammonium-N and soluble reactive phosphorus concentration along the 

main tidal channel of Darby Creek on different dates. 

 

Total suspended solid concentration was typically less than 20 mg/L. A high yet variable TSS 

concentration was measured in August 2011, which ranged from 20 to 100 mg/L along the creek (Figure 

11). Chl a concentration was highest in May 2011 and August 28, 2013 (particularly upstream) (F9, 37 = 

10.31, p < 0.0001; Figure 12). Upstream concentrations ranged between 45 and 55 µg/L on August 28, 

2013 and less than 10 µg/L downstream.  
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Fig. 11. Concentration of total suspended solids along the main tidal channel of Darby Creek on 

different dates.  

 

 

Fig. 12. Concentration of chlorophyll a along the main tidal channel of Darby Creek on different 

dates. 

 

Conclusions  

Our two year initial monitoring period has produced baseline data for Tinicum marsh.  Over the 

two year period, elevation and surface accretion in Tinicum marsh were temporally variable and did not 

change significantly.  Seasonal trends in elevation change and surface accretion associated with plant 

growth and decomposition as well as sedimentation may become apparent with a longer measurement 

period. These seasonal changes along with a short measurement period may have contributed to the lack 
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of a significant linear trend.  Continued SET-MH data collection will be necessary to obtain significant (p 

< 0.05) trend in accretion and elevation change.  

 The plant community at Tinicum was dominated by Nuphar lutea, indicating that the majority of 

the marsh was relatively low in elevation. This is supported by RTK elevation surveys, which indicate the 

prevalence of low marsh habitat and the lack of a distinct mid-elevation marsh zone (Elsey-Quirk et al. 

2013). Zizania aquatica was a dominant species in 2013, but not in 201. This species has been found to 

undergo large inter-annual population fluctuations (Whigham and Simpson). Typha angustifolia was also 

a dominant species along the landward border of the marsh. Plant biomass was significantly greater in 

2013 than in 2011 associated with the contribution of Zizania aquatica. Aboveground biomass increased 

from ~200 g/m2 in 2011 to >800 g/m2 in 2013 near SET 1. Similarly, aboveground biomass near SET 3 

increased by approximately 800 g/m2  from 2011 to 2013. Belowground biomass was generally greater 

than that aboveground ranging from 2000 to 3500 g/m2 and did not vary as much between years.  

 Soil organic matter averaged 14% in the low marsh near SET 1 and 30% in the high marsh near 

SET 3.  Soil organic carbon averaged 6.5 and 14% in the low and high marsh, respectively. Differences 

between the two areas in organic content may be due to a combination of differences in mineral 

sedimentation rate and plant species biomass contributions, which were significantly greater in the high 

marsh. In addition, Nuphar lutea may be subject to greater decomposition and break down being a more 

succulent species than Typha or Zizania.  

 Nutrient concentrations were relatively high in Darby Creek with inorganic N concentrations 

seeming to pulse high at certain times, whereas SRP was highly variable among sampling times. It is 

unclear how high nutrient concentrations influence species composition or rates or physical processes 

such as rates of accretion. A previous study indicated that while rates of nitrate removal through 

denitrification were high, the overall impact on N load was low associated with the small area of wetland 

and relatively large load of N (Elsey-Quirk et al. 2013). Increasing the area of tidal wetland would help to 

reduce the large watershed nutrient load to the estuary through both denitrification and burial. 

Tinicum marsh has undergone significant changes over time, largely associated with land and 

water management practices. A relatively limited marsh area was one of the consequences. In the existing 

marsh, one of the most glaring of human impacts was the large amount of garbage (e.g., tires, plastic 

bottles, grocery carts, etc.) on the surface. Overall, baseline data suggest that the impact of relative sea-

level rise such as an increase in salinity in tidal freshwater wetlands and/or an increase in accretion was 

not apparent over the initial two year monitoring period.  Our data also suggest that with the majority of 

the Tinicum marsh area being relatively low in elevation, the marsh will be vulnerable to changes in tidal 

range and tidal volume associated with relative sea-level rise.  
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Additional Research Indicated 

Tidal marshes are constantly changing in response to changes in their environment including 

climate, sea-level, sediment availability and transport, water chemistry, and human alteration.  Long-term 

monitoring of Tinicum, along with other representative tidal marshes, will help guide strategic plans for 

their protection and enhancement. The initial monitoring data presented in this report provides a baseline 

for which future years of monitoring will be compared. This two year monitoring period has provided 

information on spatial differences when compared to the eight other marshes within the MACWA 

monitoring network (Elsey-Quirk 2014), as well as the need for additional time to evaluate slower or 

more variable processes such as accretion and elevation change. Below are recommendations for future 

monitoring. 

Elevation change and surface accretion should be continued to be measured two times per year at 

low tide. Line transects of plant community changes and elevation surveys should be continued to assess 

long-term change.  Line transects should be re-surveyed at the same time of the summer every year as tidal 

freshwater wetland plant communities undergo large shifts in species dominance seasonally and from year-

to year. To assess a long-term change, and annual frequency of surveying should be conducted. Several 

monitoring parameters may be measured in reduced frequencies or eliminated from the monitoring 

program. Soil quality should be collected once every few years (instead of three times per year) as no 

seasonal or inter-annual change in soil parameters were measured.  However, measurement of a continuous 

depth profile of the soil column is recommended. Instead of analyzing the 4-6, 14-16, and 24-26 cm 

depths, we recommend that all 2-cm depth segments from 0 to 30 cm be analyzed for bulk density, soil 

organic matter, organic C, and total N.  Bulk density would be an additional measurement to the current 

protocol.   

The three years of above- and belowground biomass collection have provided a baseline to which 

future intermittent years can be compared. As harvesting biomass is a destructive method for estimating 

productivity or standing stock, it is recommended to reduce the frequency of biomass harvest to every 3 - 

5 years. Non-destructive permanent plots where species-specific percent cover, stem density, stem 

diameter and height data are collected is recommended for annual measurement. 

Edaphic chl a is an important component of marsh primary productivity and is an indicator of 

light conditions on the marsh surface.  However, the data were highly variable and did not yield much 

direct insight into marsh health or processes. 

Additional data need include tidal gage data. The installation of a permanent tidal gage will allow 

the US Fish and Wildlife Service to monitor peak flood timing and intensity as well as changing in tidal 

range and volume. This information will be increasingly important for parameterizing hydrodynamic 

models to predict the future of Tinicum marsh and Darby Creek.  
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Appendix B 

 

Impact Statement(s) 

  

1. RELEVANCE:  Tidal wetlands provide important ecological services including protection from 

storms, increasing water quality, and habitat for fish and wildlife. Tinicum marsh in John Heinz National 

Wildlife Refuge is Pennsylvania’s largest and last remaining tidal wetland.  However, little is known 

about the health and future of tidal wetlands in our region particularly Tinicum near the urban center of 

Philadelphia. This research is relevant at local and regional scales. Locally, Tinicum marsh provides 

important recreational and ecological services to the community. Regionally, Tinicum is one of a 

network of wetlands along the Delaware Estuary and mid-Atlantic coast important to the health the 

estuary and coastal zone. Tinicum along with other representative wetlands are the focus of long-term 

intensive monitoring in the region. 

2. RESPONSE: Two National Estuary Programs, the Partnership for Delaware Estuary and 

Barnegat Bay Partnership, along with the Academy of Natural Sciences of Drexel University developed 

the Mid-Atlantic Coastal Wetland Assessment to evaluate the health and sustainability of representative 

wetlands in the mid-Atlantic, US region focusing on the Delaware Estuary and Barnegat Bay. Tinicum is 

one of nine Site-Specific Intensive Monitoring locations. Water quality, soil quality, plant species 

composition and biomass, and rates of marsh growth were evaluated.    

3. RESULTS: Initial monitoring data will be used to guide local estuary programs and land 

management agencies such as the US Fish and Wildlife Service in where and how to focus management 

and restoration efforts to maintain and increase wetland area and/or function.  

4. PROJECT PARTNERS:  This regional wetland monitoring program had several project 

partners. Those relevant to the present study were: Partnership for the Delaware Estuary, John Heinz 

National Wildlife Refuge, Barnegat Bay Partnership.     


