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Executive Summary
Tidal freshwater wetlands provide numerous important ecological services
including carbon and nutrient sequestration, sediment trapping, and natural flood
control. Urban and agricultural development, nutrient loading, and sea level rise
continue to threaten these ecologically and economically valuable ecosystems. Rates of
sea level rise are accelerating with global climate change, which has implications for
wetland loss. Near Philadelphia, the rate of local sea level rise has been 0.29 cm per
year over the last century (NOAA 2012), however, recent analyses have found that
rates of sea level rise have accelerated over past decades (Sallenger et al. 2012).
Our objectives for this study were three-fold: (1) to continue monitoring wetland
elevation and plant community composition at Tinicum Marsh; (2) to determine the
relative magnitude of tide and storm deposition of sediment to the marsh surface,
including assessment of upstream inputs, and (3) to evaluate the effects of increasing
storm intensity and/or frequency on near-term wetland survival.
We report on marsh elevation change, sub-surface consolidation, plant
community composition, and biomass. We measured event-based sediment transport to
the marsh from upstream sources, through installation of a stream gauge and
development of rating curve for Darby and Cobbs Creek. We measured wetland
sediment deposition during storms and baseflow conditions. We developed an empirical
model to determine marsh survival with sea level rise. We analyzed changing storm
intensity patterns, and determined whether increased storminess might encourage more
rapid sediment deposition, and therefore higher resilience to sea level rise with climate
change.
The results of our study suggest that wetlands at Tinicum are currently stable. If
past rates of sea level rise (historic rates) were to continue into the next century we
would expect only modest reductions in wetlands. However, if sea level rise
acceleration occurs, as is expected under even the most conservative emissions
scenarios, significant reductions in marsh area will likely occur. Wetlands at Tinicum
should continued to be monitored to help detect the early stages of wetland drowning.
Within the project area, there was little undeveloped land available for wetland upslope
migration with sea level rise due to abrupt slopes, although a parcel of undeveloped
land upstream of Tinicum may comprise a potential marsh migration zone. Our analysis
of plant communities overall suggest the wetlands are currently healthy and robust,
although we did notice significant loss in plant cover in 2016 as the result of a beetle
infestation. The waterlily beetle was often found at extremely high densities, and the
presence of this beetle and potential damaged caused by herbivory should be tracked
over the coming decade.
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Introduction
Tidal freshwater wetlands provide numerous important ecological services
including carbon and nutrient sequestration, sediment trapping, and natural flood
control. Urban and agricultural development, nutrient loading, and sea level rise
continue to threaten these ecologically and economically valuable ecosystems. Rates of
sea level rise are accelerating with global climate change, which has implications for
wetland loss, increased erosion, and more severe flooding events in coastal regions.
Near Philadelphia, the rate of local sea level rise was 0.29 cm per year over the last
century (NOAA 2012), however, recent analyses have found that rates of sea level rise
have accelerated over past decades (Sallenger et al. 2012).
In addition to sea level rise, climate change is expected to increase the frequency
of major storm events, which exacerbates flooding potential (Kreeger 2009). Wetlands
have a high capacity for water storage, and during flooding events they can slow the
pace of flood waters, reduce erosion, and lessen destructiveness and severity (Goodwin
and Niering 1974). These services are especially beneficial in urban landscapes, where
impermeable surfaces increase the rate of runoff and can rapidly fill streams beyond
their banks. Even during normal tidal cycles, many freshwater tidal marsh systems
experience significant water level changes and potential salinity incursion. With the
potential for more frequent major storm events in the wake of climate change,
monitoring the structure and function of tidal wetlands in this region and modeling the
potential effects of sea level rise combined with increased storm frequency and intensity
is relevant for environmental managers.
Wetlands must maintain a narrow elevation range relative to water levels through
trapping of sediment delivered on the tides and through in-situ production of organic
material (‘peat’). If sea level rises at a rate faster than accretion, wetland plants could
exceed their tolerance for flooded conditions and become replaced by open water.
Wetlands can often migrate laterally to compensate for some losses associated with
changes in water level, however in developed areas they are often bordered by walls or
steep slopes for flood control. This raises concerns that tidally influenced wetlands may
be unable to keep pace with accelerating sea level rise. The loss of wetland ecosystems
has been associated with increased erosion, greater flooding risks, and declines in
dependent wildlife.

Objectives
Our objectives for this study were three-fold: (1) to continue monitoring wetland
elevation and plant community composition at Tinicum Marsh; (2) to determine the
relative magnitude of tide and storm deposition of sediment to the marsh surface,
including assessment of upstream inputs, and (3) to evaluate the effects of increasing
storm intensity and/or frequency on near-term wetland survival. This study was intended
to be a continuation of the Academy of Natural Science’s research at Tinicum Marsh
over the past 5 years.
5

Methodology
STUDY SITE
Tinicum Marsh, located in the John Heinz National Wildlife Refuge is the largest
remaining freshwater tidal wetland in Pennsylvania (Fig. 1). Freshwater tidal marshes at
Tinicum are widely regarded as a national treasure because of the diversity and rarity of
flora and fauna within the refuge. Tinicum is located at the downstream portion of the
210 square-km Darby-Cobbs Creek watershed. After passing through Tinicum, Darby
Creek joins the Delaware River Estuary south of the city of Philadelphia. Approximately
500,000 people live in the Darby-Cobbs watershed, and its land use is dominated by
single and multi-family residential development (62%) and other developed uses (16%)
(DCVA 2002). Impervious cover sums to 45% of the watershed (PWD 2004).
Consequently, the Darby-Cobbs watershed sustains flashy stream flows, accelerated
bank erosion, and downstream flooding is common (Albert et al. 2006). Additionally,
residential development in the Darby-Cobbs watershed predated modern stormwater
management practices, and the creek system receives combined sanitary storm sewer
overflow discharges at several dozen locations. The head of tide on Darby and Cobbs
Creeks reaches far into the city of Philadelphia to the escarpment that forms the
geomorphic boundary between the Atlantic Coastal Plain and Piedmont physiographic
provinces (the fall line). Tides at Tinicum are semi-diurnal, with a mean range of tide of
1.4 m (NOAA 2017).

Figure 1. Overall view
of study site at the John
Heinz National Wildlife
Refuge at Tinicum, PA.
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PROJECT APPROACH
Wetland Monitoring
In collaboration with National Estuary Program Partners (The Partnership for the
Delaware Estuary and the Barnegat Bay Partnership), the Academy of Natural Sciences
has established a network of ten tidal wetlands, including Tinicum, as sentinel sites to
be monitored for impacts of sea level rise, and overall condition and health. During
2015 and 2016, all core metrics were monitored at Tinicum following established
protocols. These included a suite of physical, chemical and biological measures to
gauge whether marsh platform accretion is keeping pace with sea level rise, whether
the biogeochemical features are characteristic of “healthy” marshes, and whether the
biological community is diverse and robust. With the exception of water quality samples
and random edge vegetation plots, all core metrics within MACWA follow a gradient
from the marsh interior near the main channel towards the landward edge (Fig. 2).
Figure 2. Sampling
design of the
monitoring site at
Tinicum marsh,
showing locations of
surface elevation
tables, marker horizon
plots, vegetation plots,
biomass plots and soil
cores. The transect
lines shown are for
vegetation surveys.
Water sampling
locations range from
upstream, adjacent to,
and downstream of
this monitoring site.
Marsh elevation changes via processes of increasing (e.g. sediment deposition,
peat accumulation) and decreasing (e.g. compaction, decomposition) elevation were
assessed relative to a fixed datum each spring and fall by using Surface Elevation
Tables (SETs) that were installed at Tinicum in 2010. Three permanent deep rod
benchmarks (12 – 15 m) were established as the bases of the SETs (Cahoon et al.
2002) along a single transect that extends from near the main channel towards the
landward edge (Fig. 2). SETs were positioned at varying distances from the tidal creek.
Throughout this document, SET locations will be referred to as SETs 1, 2, and 3, or
near, mid, and far from the channel, respectively. Adjacent to each SET are three
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marker horizon (MH) plots (total of nine) that use a layer of white feldspar mineral
spread at a known period. By measuring accumulation above the feldspar, short-term
accretion rates can be measured. Surface sediment is also analyzed for organic content
by measuring the dry sediment weight lost on ignition (LOI; 4 hours at 500°C).
Belowground processes were quantified indirectly using SET data as the difference
between elevation change and surface sediment deposition. Where upward elevation
growth was found to be less than rates of sediment accretion measured in MH plots,
compaction and/or decomposition exceeded belowground growth. Where upward
elevation growth was greater than the accumulation of deposited sediment,
belowground production exceeded consolidation and decomposition.
Plant community assemblages were characterized using line transects, in
permanent vegetation plots, and along random edge plots. Along three fixed line
transects following the same gradient as SETs and MH plots, marsh elevation and plant
community changes were assessed during peak biomass (7 Aug 2015). Vegetation
cover was recorded, and position and elevation were measured using a real‐time kinetic
(RTK) GPS (Leica GS14 GNSS receiver) that can attain cm scale accuracy for latitude,
longitude and elevation measurements. Data points marking location and elevation
were taken at 25 m intervals or when there was a change in the dominant emergent
macrophyte species within a square meter of the transect. These points can be used to
revisit these transects in the future to track plant communities over time.
Along the elevation gradient, a total of nine permanent vegetation plots (1-m2)
were established and marked with stakes in 2011. Subsets of three replicate plots were
established at intervals spanning the shore to upland elevation gradient. Within each
quadrat, plant community assemblage is assessed by the species present, percent
cover per species, and stem height for the first 25 stems. At each corner of the plot and
in the center, light intensity measurements are taken at the sediment surface and above
the vegetation canopy. In addition, six random edge plots (0.25 m2) were established
with GPS coordinates along the main channel. At each random edge location, the
quadrat is randomly thrown into the plant community, where the assemblage is
characterized using the same metrics as permanent vegetation plots.
Aboveground and belowground biomass and litter/wrack accumulation were
assessed during peak biomass (7 Aug 2015). Approximately 10 m landward of both the
low and high marsh SETs (1 and 3, respectively), three replicate plots were established
(total of 6 plots) using a 0.5 m2 quadrat. For aboveground biomass collection, all
standing vegetation within the plot were clipped at the marsh surface and placed into
labeled bags. All litter on the marsh surface was collected from the plot and stored into
labeled bags. For belowground biomass, a 15‐cm diameter x 30‐cm depth soil core was
collected from the center of the plot. Samples were taken to the laboratory for
processing, where materials were cleaned of sediment, separated into live and dead
materials per species, and dried to a constant weight at 60°C.
Adjacent to biomass sampling areas, six total soil quality cores (10‐cm diameter
x 30‐cm depth) were collected during the spring. Soil organic content, bulk density,
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percent organic carbon, nitrogen, and phosphorus were measured for each 2-cm
interval. Bulk density was measured as the quotient of dry weight divided by volume
(157 cc), while organic content was measured via LOI. Total organic carbon and total
nitrogen were measured with a CE Flash Elemental Analyzer in accordance with EPA
440.0 and ANSDU’s internal standard operating procedures, where sediment samples
were pre-treated to remove carbonates prior to analysis. Phosphorus was determined
on combusted soils extracted with 1M HCl analyzed for total P via calorimetry using an
Alpkem Autoanalyzer.
Two to three times a year, surface water quality was assessed at five stations
along a gradient of the stream channel during the rising tide. Sampling dates were 15
April 2015, 21 July 2015, 22 September 2015, 2 May 2016, and 14 September 2016.
Temperature, specific conductivity, pH, turbidity, and dissolved oxygen (DO) were
measured using a handheld YSI unit. At each station, 4-L pre‐cleaned cubitainers (i.e.
Sci‐Spec Class III) were rinsed three times with sample water from the surface. Water
was then collected, stored on ice in a dark cooler, and transported to the laboratory for
processing. Samples were analyzed for total suspended solids (TSS) suspended
chlorophyll a (fluorometric; non-acidification method), and dissolved nutrients, including
dissolved ammonium+ammonia (NH4), dissolved nitrate+nitrite (NO3), soluble reactive
phosphorous (SRP), and dissolved organic carbon (DOC).

Event-Based Sampling of Storm Events
Stream Sampling
Stream stage measurements and water sampling were conducted on tidal Darby
and Cobbs Creeks upstream of Tinicum Marsh during both storm events and baseflow
conditions. For Darby Creek, we used a pressure transducer (Hobo U-20L-4) logging at
15 minute intervals to monitor river stage at Penn Pines Park (39.9290°, -75.2711°).
Pressure was barometrically compensated using a nearby aerially mounted transducer.
Stage records were converted to discharge estimates using rating relationships
developed from periodic manual discharge measurements conducted with acoustic
doppler current profiler (Sontek RiverSurveyor). Stations were located above the head
of tide but as low as possible in the watershed (~5.0 m NAVD88).
Sediment concentrations of stream waters were measured from grab samples
collected from the rivers’ thalweg. While this approach is less robust than flowintegrated sampling (Guy and Norman 1970), we considered it adequate for estimating
event-based vs. baseflow inputs of fine-grained suspended loads to downstream
wetlands in an urban run-off channel. Suspended sediment concentrations were
measured by filtering measured volumes of samples onto pre-combusted glass fiber
filters that were subsequently dried at 105 °C to constant weight. Particulate carbon,
nitrogen (in µg L-1) were measured through analysis of retained material on a CE Flash
CN elemental analyzer. Percent phosphorus was determined on ashed filters extracted
with 1M HCl followed by calorimetry using an Alpkem Autoanalyzer.
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We plotted sampled concentration-flow (C-Q) relationships for sediment and
particulate nutrient concentrations for evidence of C-Q relationships, with negative
relationships reflecting dilution, and positive relationships indicating concentration
(Chanat et al. 2002). Power functions were fit to C-Q relationships to estimate
concentrations of sediment and particulate nutrients for the full 1.25 year flow records
from Darby and Cobbs Creeks. Discharge of suspended sediment, particulate carbon,
nitrogen, and phosphorus was calculated as the product of stream discharge and
modeled sediment and nutrient concentrations using C-Q power functions.
Relationships between precipitation event size and suspended sediment and nutrient
yields were identified using regression. Transport following storm events vs. baseline
conditions were calculated.
Marsh Sampling
Sediment accumulation is an important factor in maintaining elevation of coastal
marshes experiencing accelerated rates of sea level rise (Kirwan et al. 2010). Despite
documented increases in storm frequency and intensity over past decades in the U.S.
Northeast (Frumhoff et al. 2008; Hayhoe et al. 2007) few studies have compared event
vs. non-event based sediment deposition in wetlands (Reed 1989), except in the case
of hurricanes or tropical storms that leave behind clear sedimentary sequences (e.g.,
Turner et al. 2006)
Monitoring of storm and base flow based sediment deposition occurred at
Tinicum Marsh, Philadelphia, PA. Four sampling stations each were positioned along
three transects traversing the channel to upland gradient at Tinicum, for a total of 12
stations sampled. These 12 stations included a range of elevations and channel
proximities (Fig. 3). At each sampling station, a siphon sampler (Colby 1961) was
secured above the marsh at a constant elevation 0.88m NAVD88 that is flooded during
most high tide sequences. Sediment traps were constructed using acrylic plates, PVC,
hose clamps, silicone, 12.5 cm diameter precombusted GF/F filters, medium binder
clips, and large metal washers (14 cm outer diameter, 7.9 cm inner diameter) that were
painted with marine epoxy to prevent rust or flaking (see cover for photo). Two 1.25 cm
holes were cut into the acrylic sheets and two 1.25 cm PVC poles were secured with
hose clamps and sealed with silicone. The PVC poles were pushed into the marsh until
the acrylic sheet was level with the marsh surface. We used deionized water to keep the
sampling surfaces clean, placed a filter in the center with the large washer on top, and
secured the washer with binder clips. Sediment traps were located on the marsh
surface directly adjacent to the single-stage sampler. Marker horizon plots were also
installed, as previously described under MACWA protocols, in proximity to the filter
traps at the beginning of the project for short-term accretion measures. Sampling events
occurred over the course of two days, exposing sediment traps and single-stage
samplers to four low and high tide periods (semi-diurnal cycles), as was necessary for
staff safety under event-based sampling conditions.
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Sediment accumulated on the sediment traps within the 8 cm-diameter sampling
area (the inner diameter of the washer), and upscaled to a m-2 area. Filters were
collected were dried to a constant weight at 60°C, weighed for total sediment mass, and
combusted at 500°C for 4 hours before reweighing per the LOI protocol. Water collected
via siphon samplers were analyzed for concentrations of suspended sediment, and
particulate carbon, nitrogen, and phosphorus as described for stream collections.

Figure 3. Transect lines for event based sampling (Objective 2). Points are locations of
stations for collecting water and sediment via single-stage samplers and sediment traps.

Modeling Impacts of Changing Precipitation Patterns
Here our objective was to evaluate the effects of increasing storm intensity and
frequency on wetland survival. To accomplish this objective, we parameterized an
empirical one-dimensional model that simulates wetland accumulation. We conducted
model runs where rates of sea-level rise were varied to simulate historic rates of sea
level rise and to simulate rates of future sea level rise. In addition, we modeled the
impact of increased storm intensity patterns where model runs were based either on the
distribution of reference period storms or were varied in accordance with increasing
event size.
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The Empirical Accretion Model
We used a process-based marsh elevation simulation model (Krone 1987) that
simulates sediment deposition over tidal cycles, based on water levels, marsh elevation,
settling velocity, and suspended sediment concentration to forecast impacts of changing
storm frequency and intensity on platform elevation. This simulation model calculates
change in marsh elevation (DE) as the sum of mineral sedimentation (DS) and subsurface compaction and consolidation (DP) (French 1993):
∆𝐸 = ∆𝑆 − ∆𝑃
Following Krone (1987) and Krone and Hu (2001), a term for organic accumulation was
not included for two reasons. First, constant organic accretion is incorporated indirectly
by the sediment density term (part of the ∆𝑆 calculation), as highly organic, low density
sediments require less deposition than primarily mineral, high density sediments for
equal vertical accretion. Second, the organic content of the wetland sediment at depth is
nearly identical to the organic content of surface deposition trapped in this study
(0.20±0.097 vs. 0.18±0.11), suggesting that organic production balances decomposition
in this tidal freshwater wetland. This simulation model calculates marsh deposition as:
.

𝑉* 𝐶𝑑𝑡
𝜌0

where Vs is settling velocity, C is suspended sediment concentration and rd is nonorganic sediment dry density. Concentration of sediment was set at an ambient
maximum concentration specified by the user, but was allowed to vary over time steps,
as suspended sediment settles out, or is replaced, as water levels over the marsh
increase. During rising tides, change in concentration is calculated as:
𝑑𝜂
𝑉1 𝐶2 − 𝐶
𝑑𝐶
𝑑𝑡
=
𝑑𝑡
𝜂−𝐸
where Co is the initial suspended sediment concentration, C is the time-step specific
suspended sediment concentration, h is water level, and E is marsh elevation. During
falling tides, change in concentration is calculated as:
𝑑𝐶
𝑉1 𝐶
=
𝑑𝑡
𝜂−𝐸
Model Parameterization and Calibration
Consolidation. We calculated consolidation as a percentage of material deposited
based on data from two of three SETs, which include a total of six marker beds and
forty elevation measurements. At these two SETs, consolidation as a percentage of
deposition was relatively constant, and averaged 56.6±8.0%. We did not use the data
from the third SET as uplift associated with belowground growth of the species Acorus
calamus occurred, and sediment deposition and marker horizon plots were not in the
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same vegetation zone. In addition, Acorus calamus (sweet flag) is not a dominant
species at Tinicum Marsh.
Marsh Elevations. The elevation dataset used in this study was derived from a postprocessed digital elevation model (DEM) derived from a coastal LiDAR survey
conducted in 2006 (http://www.dcnr.state.pa.us/topogeo/pamap/lidar.aspx). The DEM
was post-processed to improve accuracy using previous elevation surveys conducted
with an RTK GPS extrapolated spatially using aerial imagery (similar error biases were
assumed within similar cover classes) (Elsey-Quirk et al. 2013).
Water Levels. Water levels were derived from one year of observations adjacent to
Tinicum Marsh collected by this study (May 2015 – May 2016). Water levels were
modified in accordance with sea level rise scenarios.
Suspended sediment concentration and C settling velocity. The constant in the settling
velocity equation was calibrated against observations. We used the formulation
described by Krone and Hu (2001)
5
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where Vs is settling velocity, C is suspended sediment concentration, and a is a
constant. To calibrate a, we used the baseflow suspended sediment concentration
based on 81 observations of channel suspended sediment concentrations for water
surface grab samples collected from September 2010 through September 2016 (15.9
mg L-1) from the tidal creek adjacent to Tinicum Marsh. The constant in the settling
velocity equation was calibrated empirically using three dated sediment cores collected
from different elevation zones in Tinicum Marsh, based on best fit.
Bulk density. Mean soil bulk was calculated as the average of six soil cores (30cm
depth) collected at both lower elevation and higher elevation zones found at Tinicum.
The mean value was 0.326 g cc-1. The full range of values found was from 0.083 to
0.811 g cc-1.
Sea Level Rise Scenarios
Sea level rise scenarios included the historic rate of sea level rise (0.29 m by
2100), the low emission IPCC RPC2.6 scenario (0.45 m by 2100), and the business as
usual IPCC scenario RCP8.5 (0.76 m by 2100) (Church et al. 2013). RCP scenarios
refer to representative concentration pathways of 2.6 to 8.5 W m-2 of global warming
over preindustrial levels. Although the IPCC scenarios refer to global mean values, the
1993-2009 sea level rise rate for Philadelphia (3.0 mm yr-1) was nearly identical to the
global average of 3.2 ± 0.4 mm yr-1 (Church and White 2011) suggesting that global
forecast data can be applied appropriately.
Storm Scenarios
To model the impacts of increased storminess, we examined the precipitation
record (1948-2017) from the Philadelphia airport gauge, which is 4-km from Tinicum
13

Marsh (NCEI 2017) (Fig. 4). We ascertained how precipitation patterns over the past 70
years have changed in Philadelphia to develop realistic predictions for the coming
century.
Precipitation Event Size (cm)

2000
1500
1000
500
0

10

Count

Figure 4. Distribution for all
precipitation events 1948-2017
measured at the Philadelphia
airport.

20

First, we amalgamated the record into contiguous precipitation events separated
by at least one day lacking precipitation. Of these events, the majority were one to five
days in length (99%): 51% lasted one day, 31% lasted two days, 11% lasted three days,
4.5% lasted four days, and 1.5% lasted five days. We divided the precipitation record
into two equal lengths: from 1948 to 1982 and from 1983 to 2017. We found no
difference in storm frequency between the two periods, either for events with a <1year
return interval, or for events with > 1 yr return interval. There were 16 events between
1948 and 1982 with a return interval of 5 years or greater (~10+cm), and 17 events of
that magnitude between 1983 and 2017, indicating no change in frequency. However,
our hydrologic frequency analysis (Bobee and Robitaille 1977) found that the magnitude
of events with a return interval of more than 5 years was greater after 1982 (Fig. 5).
Before 1982, most 5 year events ranged from 10-12 cm; after 1982 events were often
larger, on the order of 12-15 cm. Overall, the amount of precipitation falling in events
with return intervals greater than 5 years increased by 10.0%.
Figure 5. Frequency
analysis of
Philadelphia rainfall
events. Prior to 1982,
extreme events
(>10cm, return
intervals >5yrs) were
smaller in size than
events after 1983.
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We then used the observed change in precipitation during extreme events to
develop realistic precipitation scenarios for Tinicum wetlands through 2100. We
modeled three precipitation scenarios. In the first scenario (a baseline), we used storm
frequencies from the 1948 to 1982 period for the full record through 2100. Second, we
extrapolated the current trend of increases in extreme events (0.28% yr-1) based on the
event frequency distribution for 1983 to 2017. Lastly, we used a more extreme scenario
in which the current trend of increased was tripled (to 0.84% yr-1). These scenarios
generally agree with published studies related to current and future precipitation
changes in the Northeast. For instance, under the RCP 8.5 scenario, it is expected that
approximately 20-30% more precipitation will fall on the wettest day of the year in 20702099 in comparison with 1971-2000 (IPCC), and the Northeast Climate Impacts
Assessment has reported an increase of 71% in the amount of precipitation falling in
very heavy events between 1958 and 2012 (+1.3% yr-1) (Frumhoff et al. 2008).
Precipitation scenarios were developed using a synthetic storm series of ten
years in length based on the average number of events that occurred per year where
event sizes were chosen stochastically based on the historic distribution of storms. The
record was extended to 2100. To this synthetic distribution we then distributed storms
with longer return intervals based on recurrence patterns. Storm sizes were either
based on the 1948-1982 historic distribution of precipitation events (baseline scenario),
or were increased in magnitude by a percentage calculated based on position in the
record (increasing storm magnitude of 0.28% or 0.84% yr-1).
To model the impact of storm events on wetland accretion, we considered two
separate impacts on wetland accretion. Positive water level anomalies (e.g., storm
surges) can increase the depth and duration of tidal flooding and therefore provide
longer opportunities for sediment to settle out of the water column (Cahoon et al. 1996).
Secondly, storms can increase transport of sediment to wetlands from upstream
sources (Lee et al. 2013). Each of these impacts could be simulated by the empirical
accretion model described above. Several methods were used to determine which
factor was altered by storms at Tinicum Marsh to decide whether to alter flooding
patterns, sediment concentrations, or both.
We examined water levels and tide predictions for the nearby NOAA gauge in
Philadelphia for a range of event sizes to determine whether positive sea level
anomalies were associated with precipitation events, and did not find evidence for an
association. We hypothesized that a gauge on downstream Darby Creek would be even
more responsive to precipitation events than the Philadelphia tide gauge, located on the
tidal Delaware River. Although there is no NOAA gauge permanently deployed on
Darby Creek, we plotted our gauge data (2016-2017) against predicted tides generated
by harmonic analysis (performed using T_Tide in MATLAB ver. 201Bb; Pawlowicz et al.
2002), and found no evidence for positive sea level anomalies during or following
storms. We also examined the tidal series from our water level logger deployed at
Tinicum Marsh during the precipitation events and found no consistent evidence for
positive sea level anomalies associated with rainfall events. We therefore concluded
that precipitation events were not a large factor in modulating wetland water levels at

15

Tinicum, a tidal freshwater marsh, to the extent that might be found in an estuarine
marsh with more oceanographically forced water levels (Temmerman et al. 2004).
We therefore focused on increases in water column suspended sediment
concentrations associated with precipitation events. Our siphon data suggested an
increase in suspended sediment concentration from approximately 15 to 25 mg L-1.
However, this data likely does not capture the full impact of storm events, as it is
collected on the first high tide following deployment which depending on the stochastic
nature of precipitation intensity, may or may not have been timed well for capturing
stormwater. We used the empirical deposition model described above to estimate
changes in suspended sediment concentration that occurred during storm events. We
used the actual tide series, and trap elevation to hindcast suspended sediment
concentrations, iteratively altering values to convergence. We therefore developed an
empirical relationship between precipitation size and water column suspended sediment
concentration that we used to model impacts of changing storm patterns, which
increased deposition approximately 12% per cm of precipitation. Our data do not
suggest that storms persistently impact suspended sediment concentration as water
collected for the past five years on the tidal portion of Darby Creek has averaged ~15
mg L-1 aside from just following storms.

Spatial Scaling and Vegetation Distribution Patterns
We ran modeling scenarios for the full range of wetland elevations present at
Tinicum marsh. We derived time-variant critical elevation thresholds through analysis of
plant spatial patterns relative to elevation in ArcGIS. These critical thresholds were
defined as the lowest elevations at which we expect to find macrophytes, the elevation
where floating leaf aquatic plants (e.g., Nuphar lutea) transition to fully emergent
macrophytes (e.g., Zizania aquatica, Typha spp.), and the upper bounds of wetland
vegetation. We developed datasets for the elevation distribution of these three classes,
and used logistic regression of plant presence vs. elevation to define these transitions
(e.g., where probability of the two different habitats = 0.5). These critical thresholds
were adjusted upwards through time in accordance with the SLR scenario modeled.
Binomial logistic regression models were used to ascertain elevation cut-offs
between marsh habitats: upland, emergent macrophyte (e.g., Typha spp., Zizania
aquatica), Nuphar, and tidal flat. We also examined the ability of logistic regression to
distinguish between Phragmites and other emergent macrophytes based on elevation,
and found that model performed poorly (model predictions for Phragmites presence
were accurate only 30% of the time). As a result, we included Phragmites in the
emergent macrophyte category. Cutoffs were determined for p of presence at 0.5 (50%
likelihood), and were calculated following the formulation for logistic regression:
𝑝=

1
1+

𝑒 ;(=> ?=@ A)

rearranged for p = 0.5 so that
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𝑝 0.5 = −

𝛽G
𝛽A

where p is the probability of habitat presence, and b are the coefficients for the constant
(b0) and elevation variables (bx), respectively.

Results and Discussion
WETLAND MONITORING
Elevation Change and Accretion
Surface elevation tables (SETs) and marker horizon plots (MH) were initially
measured in March 2011. Over the first five years of measurement, elevation change
averaged with data from all three SETs was significantly greater than zero, with an
annual rate of 9.8 ± 0.4 mm/yr (p < 0.0001; Fig. 6). While averaging across multiple
SETs can provide some insight to the marsh overall, it is more appropriate to view each
SET individually because they occur in different conditions, including vegetation
communities, elevation, and flood duration (Fig. 7). SET 1 had an average elevation
change of 8.6 ± 0.6 mm/yr (p < 0.0001) and is located nearest the main channel with an
average surface elevation of 53 cm (NAVD88) as of September 2016. SET 2 was at 51
cm (NAVD88) and had an average elevation change of 15.7 ± 0.7 mm/yr (p < 0.0001).
SET 3 is at 81 cm (NAVD88) and had an average elevation change of 5.1 ± 0.4 mm/yr
(p < 0.0001). Rates of elevation change over time were greatest at SET 2, but SET 1
also had significantly greater elevation change than SET 3 (p < 0.0001).
Short-term vertical accretion rates varied substantially across various locations
on the marsh platform. The average rate across all nine MACWA plots was 9.3 ± 0.9
mm/yr (p < 0.0001), while individual rates were 17.0 ± 2.0, 8.2 ± 1.4, and 8.5 ± 1.0
mm/yr for SETs 1 through 3, respectively. Compared with values reported in other tidal
freshwater marshes (Neubauer 2008), accreted materials at Tinicum had relatively low
percentages of organic matter (% OM), with an overall average of 18.2 ± 1.0 %. This
indicates the system may be largely driven by mineral sediments. The plots near SET 3
had significantly higher percentages of organic material than the other SETs (r2 = 0.73;
p < 0.0001), averaging 26.1 ± 1.1 %. Comparatively, SETs 1 and 2 had 12.7 ± 0.9 and
12.5 ± 0.4 %, respectively.
Rates of elevation change attributed to belowground processes (root growth,
decomposition, compaction, etc.) were calculated as vertical accretion minus elevation
change. Belowground processes at SETs 1 and 3 were likely driven by compaction and
decomposition. Conversely, there was a substantial difference in the rates observed for
overall elevation change and belowground processes at SET 2. This is likely due to a
dense stand of the non-native perennial Acorus calamus, which is growing within the
SET measurement area but does not extend to the marker horizon plots. This
vegetation appears to be driving the high rates of observed elevation increases through
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its productivity, thereby raising the marsh surface and potentially increasing sediment
capture rates surrounding the SET measurement area. ANOVA statistics for vertical
accretion and elevation change are summarized in Table 1, along with calculated rates
for combined belowground processes.
Table 1. Statistical summary of ANOVAs for vertical accretion and elevation changes at
individual SET locations and all SET data combined. Elevation change data includes
every pin measurement (36 per SET per event) with number of days after initial
measurement as the predictor variable. Accretion data includes every measurement (up
to 9 per SET per event), although in some cases the feldspar could not be found.
Columns include SET location, number of observations (n), R square, p-values, and the
rate of change associated with belowground processes.
Accretion
Location # obs (n) R-square p-value
SET 1
54
0.59 <0.0001
SET 2
80
0.31 <0.0001
SET 3
88
0.48 <0.0001
All SETs
222
0.34 <0.0001

Elevation change
Belowground
Rate (mm/yr)# obs (n) R-square p-value Rate (mm/yr) Processes (mm/yr)
17.0 ± 2.0
504
0.31 <0.0001 8.6 ± 0.6
8.4
8.2 ± 1.4
503
0.51 <0.0001 15.7 ± 0.7
-7.5
8.5 ± 1.0
504
0.28 <0.0001 5.1 ± 0.4
3.4
9.3 ± 0.9
1511
0.29 <0.0001 9.8 ± 0.4
-0.5

Figure 6. Elevation change and accretion at Tinicum marsh since 2011 relative to the
average elevation of the three SET heads (cm, NAVD88). Values are means ± standard
error (n = 3).
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Figure 7. Elevation change and accretion for each SET in Tinicum marsh from 2011 to
2016 relative to NAVD88. A) SET 1 (near), B) SET 2 (mid), C) SET 3 (far). Values are
means ± standard errors (n = 3).
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Water Quality
Water column surface temperatures in the main channel of Tinicum marsh were
greatest in late summer and early fall, based on discrete spot measurements (Table 2).
The highest recorded water temperature was 27.5°C in July of 2015 and the lowest was
9.8 in April 2015. Conductivity ranged 199 to 633 µS/cm, which was higher in fall than
other seasons (p < 0.0001). Dissolved oxygen was highest in the spring (p < 0.0001)
with saturation ranging from 54 to 99% and concentrations ranging 4.4 to 10.3 mg/L.
The pH of surface water ranged from 5.87 in April 2014 to 7.31 in July 2015. Total
alkalinity was highest in the fall and had an overall average of 53 ± 1 mg/L. Most
parameters varied significantly across sampling dates, attributed to a combination of
precipitation, flow, and seasonal variations. Statistical analyses of seasonal variation
for each parameter is summarized in Table 3.
Table 2. Surface water parameters collected by a handheld YSI at Tinicum marsh on
different dates. Values are means ± standard errors (n = 5).

Table 3. Statistical summary of ANOVAs for each parameter with season as the
predictor variable. Only parameters with significant p-values are shown. Columns are
parameter, number of observations (n), R square, p-value, and a brief interpretation.
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With the exception of soluble reactive phosphorous (SRP), no significant
differences were detected across sampling locations for any water quality parameters,
including DOC, chlorophyll a, TSS, NO3, NH4, temperature, conductivity, DO%, DO
mg/L, turbidity, and pH. SRP values were significantly higher at the downstream
location than the three most upstream locations, which may partly be explained by its
proximity to Delaware River waters and tidal mixing (Fig. 8).

Figure 8. Soluble reactive phosphorous (SRP) across sampling locations at Tinicum
marsh expressed in average and standard error for all sampling events (n = 15). Letters
above each bar are Tukey post hoc test results, where letters that do not overlap
indicate significant differences.
Nutrient concentrations varied seasonally and across sampling dates (Fig. 9).
Concentrations of both NO3 and SRP averaged 1.53 ± 0.06 mg/L and 0.026 ± 0.002
mg/L, respectively, and were significantly higher in the fall compared to other seasons
(both had p < 0.0001). NH4 averaged 0.26 ± 0.03 mg/L and was significantly higher at
lower temperatures (r2 = 0.67; p < 0.0001) and during spring, which was also the
season with the lowest average temperatures (Fig. 10). Dissolved organic carbon
(DOC) was lowest in the spring and ranged from 1.8 in May 2011 to 4.5 mg/L in October
2010.
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Figure 9. Nitrate+nitrite-N, ammonium-N and soluble reactive phosphorus concentration
over time averaged along the main tidal channel of Tinicum marsh (n = 5).

Figure 10. Ammonium-N concentrations at Tinicum marsh had an inverse relationship
with temperature (n = 70).
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Total suspended solid concentrations (TSS) had no significant seasonal
differences when extreme event outliers were removed. TSS ranged from 8.8 in April
2013 to 65 mg/L in August 2011, an extreme high associated with preceding rain events
(Fig. 11).

Figure 11. Concentration of total suspended solids over time averaged along the main
tidal channel of Tinicum marsh (n = 5).
Chlorophyll a concentrations in the Tinicum marsh were generally below 20 µg/L
and were greater in the summer than other seasons (p = 0.0027). Concentrations
ranged from 5.6 in May 2016 to 48.2 µg/L in July 2015 (Fig. 12).
Figure 12. Concentration of
chlorophyll a over time averaged
along the main tidal channel of
Tinicum marsh (n = 5).
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Soil Quality
At Tinicum marsh, soils were sampled close to SET 1 and SET 3 twice in 2011,
twice in 2013, and once in 2015. As expected, the LOI method for determining %OM
had a strong direct relationship with %C (r2 = 0.92; p < 0.0001). %H20 had an inverse
relationship (Fig. 13) with bulk density (r2 = 0.63; p < 0.0001), which is likely a function
of the soil’s porosity.

Figure 13. Two linear relationships. Percent organic matter from loss on ignition is
directly related to percent carbon via Elemental Analyzer (n = 214). Percent water is
inversely related to the bulk density of soil (n = 193).
Averages and standard errors are provided in Table 4. ANOVA results showing
parameter differences by location are summarized in Table 5. The data showed that
locations far from the main channel (SET 3) had significantly greater values for water
content (%H20), soil organic matter (%OM), organic carbon (%C), soil nitrogen (%N),
and the carbon-nitrogen molecular ratio (C:N) when compared with locations nearer the
channel (SET 1). Soil phosphorus (%P) and bulk density were significantly higher near
SET 1 than SET 3. Soil carbon density had no significant difference between locations.
Table 4. Average and standard error across all dates, cores, and depth intervals for soil
quality parameters at SET 1, SET 3, and overall.
parameter
% H2 O
% OM
%C
%N
CN ratio
%P

Average ± Standard Error
SET 1
SET 3
Overall
52.92 ± 0.61
69.59 ± 0.69
61.07 ± 0.72
13.42 ± 0.33
25.64 ± 0.68
19.81 ± 0.57
6.55 ± 0.21
12.62 ± 0.33
9.72 ± 0.29
0.401 ± 0.006 0.727 ± 0.021 0.572 ± 0.016
16.23 ± 0.31
17.74 ± 0.27
17.02 ± 0.21
0.182 ± 0.007 0.131 ± 0.003 0.155 ± 0.004

bulk density (g/cm 3) 0.504 ± 0.020
Soil C density (g/cm3) 0.032 ± 0.001

0.298 ± 0.014
0.034 ± 0.001

0.404 ± 0.014
0.033 ± 0.001
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Table 5. ANOVA results for soil quality parameters predicted by location. SETs 1 and 3
are located near and far from the main channel, respectively. The columns include
response parameters, number of observations (n), R square, p-value, and a brief
interpretation.

parameter
% H2 O
% OM
%C
%N
CN ratio
%P

n
229
214
214
214
214
214

R square
0.59
0.54
0.52
0.49
0.06
0.18

p-value
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.0003
< 0.0001

Interpretation
Greater at SET 3 than SET 1
Greater at SET 3 than SET 1
Greater at SET 3 than SET 1
Greater at SET 3 than SET 1
Greater at SET 3 than SET 1
Greater at SET 1 than SET 3

bulk density
Soil C density

193
178

0.27
0.01

< 0.0001 Greater at SET 1 than SET 3
0.1477 no difference

The soil’s %H20 decreased with depth, regardless of location (Fig. 14; Table 6).
C:N ratio, %P, bulk density, soil carbon density all increased with depth, regardless of
location. Depth effect on soil %OM, %C, and %N were location dependent, with cores
from SET 3 having values highest near the surface and decreasing with depth, as
opposed to cores from SET 1 which had no significant relationship observed across
depth for these parameters (Table 6).

Table 6. ANOVA results for soil quality parameters across depth intervals. Analyses
were done separately for both SET locations. The columns include response
parameters, number of observations (n), R square, p-value, and a brief interpretation.
parameter
% H2 O
% OM
%C
%N
CN ratio
%P
bulk density
Soil C density

n
117
102
102
102
102
102
99
84

R square
0.20
0.01
0.02
0.01
0.10
0.33
0.32
0.47

SET 1
p-value Interpretation
< 0.0001 decreases with depth
0.4097 not significant
0.1451 not significant
0.2871 not significant
0.001
increases with depth
< 0.0001 increases with depth
< 0.0001 increases with depth
< 0.0001 increases with depth

n
112
112
112
112
112
112
94
94

R square
0.36
0.24
0.31
0.62
0.24
0.05
0.40
0.11

SET 3
p-value
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.0136
< 0.0001
0.0009

Interpretation
decreases with depth
decreases with depth
decreases with depth
decreases with depth
increases with depth
increases with depth
increases with depth
increases with depth

25

Figure 14. Soil bulk density, organic matter content, percent water, phosphorus,
carbon, nitrogen, C/N ratio, and soil carbon density for cores collected at Tinicum
marsh. The larger squares depict cores collected from SET 1, while smaller circles are
cores from SET 3. Values are means ± standard errors across replicate cores collected
in 2015 (n=3).
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Biomass
Peak vegetation biomass for aboveground (AG) and belowground (BG) materials
at Tinicum was collected in 2011, 2013, and 2015 and varied spatially and temporally
(Fig. 15). Plant biomass processing identified six species within the sampled plots.
Species compositions differed across the sampling years. Notably, the addition of
Zizania aquatica after 2011 may be indicative of recent successful planting and
germination at the refuge. In the lower marsh by SET 1, closest to the channel, species
composition was largely dominated by Nuphar lutea and Zizania aquatica depending on
the year. In the upper marsh by SET 3, furthest from the channel, species composition
was dominated by Typha angustifolia and Zizania aquatica depending on the year.
Figure 15.
Above- and
belowground
biomass near
SET1 and SET3
(*) in 2011, 2013,
and 2015 in midsummer at
Tinicum marsh.
These data
figures exclude
unidentifiable
litter and detritus,
as it was not
weighed in 2011
for comparison.

In terms of total biomass, (Fig. 16), there was a significant difference between
locations. SET 3 had higher totals of live and dead biomass than SET 1 (r2 = 0.52; p =
0.0007). This is partly explained by higher values of live AG materials as well as dead
materials from both AG and BG. The ratio of live to dead materials (excluding litter and
unidentifiable detritus) was significantly lower at SET 3 than SET 1 (r2 = 0.44; p =
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0.0048), indicating there are higher proportions of dead materials near SET 3. There
was no significant difference in total biomass among years.

Figure 16. Live, dead, litter, and unidentifiable materials that make up total biomass
near SET1 and SET3 (*) in 2011, 2013, and 2015 in mid-summer at Tinicum marsh.
This figure includes unidentifiable litter and detritus, although those data were not
measured in 2011 for comparison.

Vegetation Line Transects
Three line transects for vegetation survey were established at Tinicum marsh in
2011, and were resurveyed in 2013 and 2015 (Fig. 17). Each survey occurred between
early and mid-August, during which eighteen plant species were present (Table 7).
Twelve plant species were identified as either dominant or mixed dominant, including
Bidens laevis, Peltandra virginica, Nuphar lutea, Sagittaria latifolia, Typha angustifolia,
and Zizania aquatica. Plant community composition was variable along each transect
and across years, and locations often showed species dominance changes across
years. Part of the shift in species composition may be attributed to annual variations of
complex interactions, including precipitation, inundation time, species competition,
sediment availability, nutrient inputs, and other environmental factors. Nuphar lutea was
the most frequent dominant species in all surveys and also had the greatest elevation
range recorded, although Zizania aquatica was also prevalent and occurred across a
large elevation range (Table 8).
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Figure 17. Locations of GPS-surveyed line transects for plant community composition
at Tinicum marsh in Philadelphia, PA.
Table 7. Species presence table from vegetation line transect survey data between
2010 and 2015 at Tinicum marsh, Philadelphia, PA. Surveys were not conducted at
Tinicum in 2012 or 2014.
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Table 8. Elevation range of dominant species encountered along line transects in
Tinicum marsh between 2011 and 2015. The frequency at which species were
encountered as dominant species across all transects (freq) is in parentheses.
Elevation range (m, NAVD88) (freq )
Site
Tinicum

Species
Acorus calamus

5-Aug-11

16-Aug-13

0.29 (0.01)

Amaranthus cannabinus

7-Aug-15

Maximum elevation
range (m)

0.32 - 0.85 (0.04)

0.56

0.49 - 0.69 (0.02)

0.27

Bidens laevis

0.73 (0.01)

0.42 - 0.89 (0.19)

0.47

Nuphar lutea

-0.83 - 0.42 (0.49) -0.90 - 0.50 (0.47) -0.75 - 0.53 (0.43)

1.43

Peltandra virginica

0.29 - 0.87 (0.11)

0.75 - 0.79 (0.03)

0.58

0.32 - 0.53 (0.03)

0.21

Phragmites australis
Polygonum spp.

0.71 (0.01)

0.80 (0.01)

0.09

Pontederia cordata

0.23-0.40 (0.03)

0.80 (0.01)

0.57

Sagittaria latifolia

0.29 - 0.52 (0.07)

0.35 - 0.38 (0.02)

0.42 - 0.71 (0.04)

0.42

0.72 (0.01)

0.62 - 0.75 (0.02)

0.43 (0.01)

0.32

0.42 - 0.88 (0.17)

0.46

-0.20 - 0.73 (0.21) -0.04 - 0.81 (0.46) 0.14 to 0.86 (0.43)

1.06

Schoenoplectus fluviatilis
Typha angustifolia
Zizania aquatica

0.75 (0.01)

Permanent Vegetation Plots
A total of nine permanent vegetation plots, with three replicates located near
each SET (near, mid, and far from main channel), were established in 2011 monitored
annually. Stem height varied across years and with distance from the main channel
(Fig. 18). Changes with distance from the channel occurred in part due to differences in
site specific conditions including inundation period. Additionally, species composition
changes were observed across sampling years and may partly explain the changes in
measured stem heights over time, although not all stems are measured in each plot.
There were twenty species identified in permanent plots and random edge plots.
Percent cover of species (% cover) varied substantially across plot groups. Percent
cover varied over time with sometimes dramatic species shifts (Fig. 19).

Figure 18. Stem height average and standard error (n = 3) at each sampling area (near,
mid, far) for all species per year.
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Figure 19. Annual average percent cover for each group of vegetation plots (n = 3).
Each species is shown as a portion of the total vegetation present, excluding any nonvegetated portions of the plots. Each year includes three pie charts with far, mid, and
near groupings (relative distance to main channel) illustrated from left to right.

Random Edge Plots
Six random edge plots were monitored in 2011, 2013, and 2015 adjacent the
main channel of Darby Creek. The randomization of location can provide additional
information about species presence. However, it produces complications that are
challenging to interpret any vegetation changes over time because the change in
position could greatly affect the plant community assemblage observed during each
visit, regardless of whether or not there was any actual change across years.
Considering this, statistical analyses were not performed. However, two additional
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species have been observed using this technique, including Impatiens capensis and
Sium suave.

EVENT-BASED SAMPLING
Successful sampling events took place during four base flow periods and four
storm periods. Storm event-based sampling deployments occurred on 3 Oct 2015, 18
Oct 2015, 23 May 2016, and 30 Sept 2016. All storm events had greater than 2 cm of
precipitation and ranged in size from 2.97 to 5.26 cm. Base flow sampling occurred 20
Aug 2015, 18 Oct 2015, 15 April 2016, 11 May, 2016.

Stream Sampling
We constructed a stage-discharge relationship for Darby Creek to estimate yearround flow during the project period. Discharge measurements were conducted using
an ADCP on 29 September 2016, 30 September 2016, 12 December 2016, 13
December 2016, and 24 January 2017. Regressing stage against flow (Fig. 20)
revealed a strong relationship that was then used to produce the Darby Creek flow
record (Fig. 21).
Darby Creek Stage-Discharge Relationship
Stage (m NAVD88)

6.25
6.2
6.15
6.1

y = 0.116ln(x) + 5.9534
R² = 0.96
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Figure 20. Stage-Discharge Relationship for Darby Creek at Penn Pines Park. Stagedischarge relationships were used to quantify discharge over the period of record.
A comparison of the Darby and Cobbs Creek discharge records (Fig. 21)
revealed that that Cobbs Creek supported more flow events >1 m3 s-1 (61 vs. 40), and
also higher peak discharge events. Cobbs Creek drains about half the area of Darby
Creek, and has a much lower component of open space (DCVA 2002), suggesting that
Cobbs Creek exhibits a “flashier” response to storm events.
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Figure 21. Flow records for Darby and Cobbs Creek for the study period. The Cobbs
Creek record was obtained from the USGS gauge maintained by the Philadelphia Water
Department.
Measured suspended-sediment concentrations and particulate carbon, nitrogen,
and phosphorus were strongly related to stream discharge (Figs. 22, 23). Linear
regressions of the log-transformed sediment and nutrient concentration and discharge
data explained 58 to 93 % of the variance in the concentration data. The strongest
relationships were for sediment, where concentrations were typically 1-10 mg L-1 under
baseflow conditions but closer to 50 – 100 mg L-1 during storm events. Concentrations
of particulate nitrogen and phosphorus also varied with flow. Particulate phosphorus
concentrations were extremely low, with extremely high sediment N/P ratios (1000+),
suggesting that phosphorus is a strongly limiting nutrient in Darby and Cobbs Creek.
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Figure 22. Flow-concentration relationships for sediment, and particulate carbon,
nitrogen, phosphorus on Darby Creek and Cobbs Creek stream flow gauges
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Figure 23. A comparison of the relationship between precipitation and discharge of
sediment, and particulate carbon, nitrogen and phosphorus for events of varying
magnitude on Darby and Cobbs Creeks, 2015-2016.

35

Precipitation was found to correlate significantly with downstream transport of
sediment, particulate carbon, nitrogen, and phosphorus. Total precipitation was found to
explain 51 to 53 % of the variability in downstream transport for Darby Creek. However,
the relationship was stronger on Cobbs Creek, with 62 – 74 % of the variability in
downstream transport explained as a function of precipitation magnitude.
Overall the strong C-Q and precipitation-flux correlations suggest that nonchemostatic conditions are found in Darby and Cobbs Creeks. Several possible
conditions can be found in rivers, where solute concentrations vary as a function of flow,
either positively, or negatively, or not in response to flow (chemostatic), and these
relationships can provide insights into the geomorphic processes operating in the
watershed. Here, monitoring data suggests that stream processes are ‘capacity-limited,’
or the amount of sediment, carbon, nitrogen, and phosphorus transported by the stream
is limited by creekflow. Additional data points – particularly under the highest flow
conditions – will be needed to confirm this designation.
We contrasted estimates of sediment and particulate nutrient transport during
events vs. baseflow conditions for Cobbs Creek and Darby Creek (Fig. 24). We found
that most material transport from Cobbs Creek occurred during flow events following
storms (90-98%). In contrast, for Darby Creek, only 10 – 25% of downstream transport
occurred during events. This contrast can by the differences in sediment rating curve
slope found for Darby and Cobbs, where Darby Creek has a steeper C-Q slope.
However, the apportionment of baseflow vs. events will vary depending on the number
of large events that occur over a year, with years with larger events accounting for more
event-based transport. Considering both creeks, yearly transport of sediment summed
to 103-104 T yr-1, with slightly less than half transported during events (44%). Given the
1.7 km2 area of wetlands at Tinicum Marsh, the density of marsh sediments (2 kg m-2),
and the rate of accretion (0.0093 m y-1), we can estimate that about 2% of the sediment
inputs from Darby-Cobbs watershed are retained by Tinicum wetlands.

Figure 24. Transport during events vs. baseflow conditions on Darby and Cobbs Creek.
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Wetland Sampling
Across the twelve total sampling locations, marsh surface elevation ranged from
0.14 to 0.78 meters above the NAVD88 datum. Single stage siphon water samplers
(Colby 1961) were positioned at 0.88 m, NAVD88 at all twelve sampling sites to collect
water for measurement of total suspended solids (TSS) and particulate nutrients
(carbon, nitrogen, and phosphorus) during storm events and base flow.
TSS concentration collected from the siphon samplers ranged from 5 to 116
mg/L from these samples. Particulate carbon ranged from 538 to 8802 µg/L, particulate
nitrogen ranged from 64 to 887 µg/L, and particulate phosphorous ranged from less
than 0.001 to 0.099 µg/L. Both TSS (r2 = 0.26; p < 0.0001) and particulate carbon (r2 =
0.19; p < 0.0001) were significantly higher on average during storm events than during
baseflow (Fig. 25). Storm events had no significant bearing on particulate nitrogen or
phosphorous. TSS was directly correlated to measures of particulate carbon (r2 = 0.66;
p < 0.0001) and nitrogen (r2 = 0.26; p < 0.0001), but not phosphorous (r2 = 0.02; p =
0.2648) (Fig. 26). While there were differences across sampling dates that were largely
driven by storm events, no significant differences related to distance from tidal channels
or relative elevation were observed for TSS or any of the particulate nutrients.

Figure 25. Average and standard error for total suspended solids (mg/L) and particulate
carbon (µg/L) during storm events and base flow (n = 81).

Figure 26. Relationships of total suspended solids (mg/L) with particulate carbon and
particulate nitrogen during storm events and base flow (n = 77).
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Deposition rates from the sediment traps varied spatially and temporally at
Tinicum marsh, due to a range of environmental conditions including storm events,
distance from a tidal channel, and relative elevation (NAVD88). Regarding the effect of
storms, on average the storm events had significantly higher dried sediment deposition
and lower organic matter than during base flow (Fig. 27).

Figure 27. Average and standard error of dry sediment deposition and percent
organic matter during storm events and base flow (n = 84).
Greater deposition occurred at lower elevations and in greater proximity to tidal
channels. The interaction of event type and elevation on sediment deposition indicated
that lower elevations always had significantly greater sediment deposits than higher
elevations, but the amount was significantly greater during storms (r2 = 0.43; p <
0.0001; Fig. 28). Dried sediment deposition, or sedimentation, had a significant inverse
relationship with distance from water channels (r2 = 0.16; p = 0.0001). There was not an
interaction between distance from water channels and event type on sediment
deposition, indicating there was greater deposition occurring closer to channels
regardless of event type (Fig. 29).

Figure 28. Relationships during storm events and base flow of sediment deposition with
elevation (NAVD88) on the left and distance from the tidal channel on the right (n = 84).
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The percentage of organic material (%OM) from the sediment traps was also
affected by event type, distance from channel, and relative elevation (NAVD88). Overall
%OM ranged from 3 to 55 percent. %OM was significantly lower during storm events
and increased with relative elevation and distance to channels. The interaction effect
indicated %OM not only increased with elevation, but the amount depended on event
type (r2 = 0.4; p < 0.0001; Fig. 29). There was also a weak relationship showing %OM
significantly increased with greater distances from the channel (r2 = 0.09; p = 0.0036),
but this did not interact significantly with event type.

Figure 29. Relationships of %OM to elevation (NAVD88) and distance to tidal channels
during storm events and base flow at Tinicum marsh (n = 84).

MODELING
The logistic regression model that examined the upper emergent macrophyte
elevation (vs. upland) threshold was statistically significant, c2 (1) = 945,643, p<0.001.
The model explained 87% (Nagelkerke R2) of the variance in presence of emergent
vegetation and correctly classified 94.6% of cases. The logistic regression model that
examined the upper emergent macrophyte elevation (vs. Nuphar ) threshold was
statistically significant, c2 (1) = 388,058 , p<0.001. The model explained 49%
(Nagelkerke R2) of the variance in presence of emergent vegetation and correctly
classified 81.4% of cases. The logistic regression model that examined the Nuphar (vs.
tidal flat) was statistically significant, c2 (1) = 130,417 , p<0.001. The model explained
22% (Nagelkerke R2) of the variance in presence of emergent vegetation and correctly
classified 73.7% of cases.
Analysis of hypsometry for Tinicum Marsh (Fig. 30) suggests that elevation
distribution is largely skewed towards lower elevations. This pattern (positively skew)
has been associated with higher vulnerability to drowning as the marsh is heavily
concentrated at lower elevations relative to overall plant range (Morris et al. 2005;
Raposa et al. 2016).
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Table 9. Cut-offs in habitat boundaries determined using logistic regression. Cut-offs
were adjusted upwards over time in accordance with the sea level rise scenario.
Lower Elevation cut-off
Upper Elevation cut-off
(m NAVD88)
(m NAVD88)
Upland
1.11
Emergent macrophytes
0.56
1.11
Nuphar dominated
0.18
0.56
Tidal Flat
0.18

Tinicum Marsh Hypsometry
Frequency

0.03
0.02
0.01
0
0.18 0.22 0.26 0.30 0.34 0.38 0.42 0.46 0.50 0.54 0.58 0.62 0.66 0.70 0.74 0.78 0.82 0.86 0.90 0.94 0.98 1.02 1.06 1.10

Marsh Elevation (m NAVD88)

Figure 30. Hypsometric distribution for Tinicum wetlands. The high concentration of the
marsh at lower elevations and the dominance by flood tolerant Nuphar lutea suggests
relatively high vulnerability to sea level rise.
We analyzed predicted changes within a circumscribed study area (which does
not include all tidal marsh along Darby Creek, or at Tinicum National Wildlife Refuge).
(Table 10). Our motivation in restricting our analysis is that restored wetlands on the
opposite side of Darby Creek are exposed to a tidal restriction which would result in
altered processes of flooding and sediment transport, preventing easy extrapolation.
Our model predicts relatively modest declines in wetland areal extent at Tinicum
by 2100 if historic sea level rise rates continue (Fig. 31). However, a sea level rise of
0.46m to 0.76 m by 2100 would drastically reduce the area of wetlands remaining at
Tinicum. A 0.45m sea level rise corresponds to Representative Concentration Pathway
2.6, or a 2.6 W m-2 increase over pre-industrial values by 2100, a low emissions
scenario. While sea level rise rates in the future are difficult to predict, both global CO2
and CH4 emissions (which account for more than a third of warming trends) have both
been following the high emissions scenario (Sandford et al. 2014). Because CO2
emissions have leveled off over the past three years (La Quere et al. 2016), we expect
that future emissions and SLR rates will lie somewhere between the low and high
emissions scenarios, which both suggest high rates of wetland loss (59% vs.77%). The
projected loss of most of Tinicum’s wetlands by 2100 will leave housing and industrial
areas in the region more vulnerable to storms. However, the relatively small amount of
sheltering provided by wetlands at Tinicum (<10cm) combined with research that
suggests that fragmented wetlands still reduce storm surges, particularly for less
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expansive wetlands (Temmerman et al. 2012), the loss of wetlands at Tinicum might be
a more significant issue with respect to disruption of wildlife habitat and human
enjoyment of the refuge.
The high vulnerability of wetlands at Tinicum to sea level rise acceleration is
probably a function of their low elevation. While the wetlands currently are accreting
rapidly and based on comparisons with previous maps (McCormick 1970), appear
stable, much of the inter-tidal wetlands are low in elevation and support the inundationtolerant aquatic species Nuphar lutea. Because much of the existing wetland is ‘low
marsh’ this wetland is more vulnerable to sea level rise than if it had a higher elevation
profile. In comparison with other freshwater tidal wetlands fringing the Delaware River
in Delaware, New Jersey, and elsewhere in Pennsylvania, Tinicum marsh is probably
more vulnerable to sea level rise because of its low elevation. Another factor that should
be considered is that robust rates of sediment accretion, as found at Tinicum, are
usually a symptom of high inundation times, which indicates high vulnerability to sea
level rise (Ganju et al. 2015).
In addition, there appeared to be little potential for upslope migration with sea
level rise. Many studies have suggested that sea level rise might cause expansions in
coastal wetlands, as wetland sustain themselves within their current footprint and are
able to migrate upslope (Kirwan et al. 2016). However, we found little evidence to
support that pattern in the future for freshwater tidal wetlands at Tinicum.
Besides sea level rise, additional factors might make Nuphar-dominated
wetlands vulnerable to rapid loss. Last fall, Nuphar at Tinicum was heavily infested by
(presumably) the waterlily leaf beetle, Galerucella nymphaeae (Coleoptera). G.
nymphaeae feed on waterlily leaves at rates that can easily surpass productivity
(Wallace and O’Hop 1985). Last fall, Nuphar senesced early, and it appears patchy on
summertime aerial imagery. We suggest that beetle infestations and plant health related
to herbivory be monitored in the future.
Table 10. Current and predicted changes in tidal wetland extent in our study area to
2100 (shown in Figure Z below), based on historic sea level rise rates, and sea level
rise rates predicted by the 2.6 and 8.5 representative concentration pathways (2.6 or
8.5 W m-2 climate forcing).
Current
Historic SLR
RCP2.6
RCP8.5
Nuphar148.61 acres
138.19 acres
74.78 acres
25.69 acres
dominated
(7.0% loss)
(50% loss)
(83% loss)
Emergent
116.44 acres
102.22 acres
33.38 acres
35.59 acres
macrophytes
(12% loss)
(71% loss)
(69% loss)
Total wetland 265.05 acres
240.41 acres
108.16 acres
5.70 acres
(9.3% loss)
(59% loss)
(77% loss)
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Figure 31.Predicted changes in wetland area with sea level rise at Tinicum Marsh.
What about the role of episodic storms? Our approach suggests that increases in
precipitation intensity during rare storms likely have no significant impacts on wetland
accretion. We found that while more sediment was deposited during five-year storms,
they are by definition, rare events, and the bulk of sediment is deposited baseflow
conditions or less intense storms. Specifically, platforms exposed to higher intensity 5year storms were less than a one mm higher in elevation than platforms exposed to 5
year-events that did not increase in intensity over time. A different conclusion was
reported by a previous study that modeled the impacts of changing storm frequency and
intensity on salt marsh survival with sea level rise in Germany (Schuerch et al. 2013).
However, in this previous study of a marsh on the Wadden Sea, storms were modeled
primarily as a function of water levels, it was assumed that extreme events might be
occur more than twice as frequently in the future, and scenarios were modeled
discretely (i.e., 90 years of doubled storm frequency), while in our study we ramped up
storm intensity over time. These factors led to the previous study modeling a more
exaggerated set of scenarios in comparison with the more conservative scenarios that
we chose to model.
We therefore conclude that while we found strong evidence that rare storms with
return intervals of longer than 5 years, have gotten more intense in Philadelphia over
42

past decades, we expect that this increased storm intensity will have minimal impacts
on marsh survival with sea level rise.

Conclusions
Our monitoring program, MACWA, now has over five years of data collected on a
range of biological and physicochemical parameters in Tinicum marsh. These data have
provided some indications on the health and quality of the ecosystem, the relative
resilience with respect to sea level rise, and adds insight on regional trends including
estuarine gradients (salinity, nutrients, sediments, etc).
Tidal marsh elevation is closely related to the increasing inundation regimes
associated with sea level rise. These systems are able to maintain an equilibrium with
rising seas by trapping sediments and increasing productivity. Changes in elevation are
common ground in wetlands, and the relative rate is often compared with local sea level
rise rates as an indication of their vulnerability to drowning (Cahoon et al. 1996). In
these terms, Tinicum marsh shows clear positive signs of keeping pace with current
rates of sea level rise due to relatively high positive elevation changes on average
annually for all three SETs. This positive elevation change is largely driven by high
sediment availability and accretion rates, but additional influences include vegetation
characteristics, sediment erosion, and subsurface processes. In comparison to other
MACWA sites, elevation change and accretion rates are among the highest. However,
predictions of accelerated sea level rise rates could still impose the potential of
surpassing the sediment trapping capacity of this wetland in the future. While current
accretion rates exceed current rates of sea level, results of predictive modeling suggest
that Tinicum marsh will survive if historic rates of sea level rise continue, but may be
flooded if sea level rise rates accelerates.
Water quality data have shown seasonal and spatial trends that are becoming
more apparent for multiple parameters. The total dissolved inorganic nitrogen (DIN) at
Tinicum marsh is higher than any other site in the monitoring network. SRP was not
particularly high, but it increased significantly downstream below the marsh.
Event based sampling was valuable for several reasons, including development
of a water stage to discharge relationship, determining sediment transport from Cobbs
and Darby creek, and linking > 2 cm precipitation storm events to a nearly fivefold
increase in sedimentation along the marsh. The increase of deposition during storms is
attributed to the increased suspended sediment from upstream sources, resuspension
of sediment within the marsh, and extended inundation times. Furthermore, the
sediment deposited during storm events had reduced organic matter concentrations,
indicating increased mineral sediment deposition. Mineral materials have often been
considered a limiting factor for adequate vertical accretion and elevation increases
needed to keep pace with sea level rise, although organic materials have been
demonstrated to play a crucial role in many cases (Temmerman et al. 2004; Nyman et
al. 2006). Although we found that storm-mediated sediment delivery plays an important
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role in maintaining accretion, we found no evidence for increased storm frequency over
recent decades. And while we did find evidence for an increase in the intensity of
extreme precipitation events (recurrence interval of five years), the infrequency of these
events does not translate into significant accretion subsidies, and we conclude that this
change in precipitation will have minimal impacts on marsh survival with sea level rise.

Outreach & Dissemination of Findings
Research dissemination has proceeded via presentations at local and national scientific
meetings, and through meetings with wetland managers. We also met with Senators
Casey (D-PA) and Whitehouse (D-RI) to discuss impacts of climate change on Tinicum
Marsh. Project results will be posted to the Patrick Center for Environmental Research,
Academy of Natural Science website at http://www.ansp.org/research/environmentalresearch/.
This project has resulted in the following presentations at scientific meetings:
(1) Raper, K., E.B. Watson, and D.J. Velinsky. Impacts of episodic storms on an
urban freshwater wetland. The Atlantic Estuarine Research Society Fall Meeting:
Baltimore, MD, 18-20 November, 2016.
(2) Raper, K., E.B. Watson, J. Mead, and D.J. Velinsky. Impacts of episodic storms
on urban freshwater wetland processes. Annual Meeting of the Society of
Wetland Scientists, 3-6 June 2016, San Juan, Puerto Rico.
(3) Watson, E.B., A.J. Oczkowski, K. Raper, A.B. Gray, C. Wigand, D. Velinsky, and
F.I. Rahman. 2016. Impacts of episodic storms on coastal wetland processes in
the Northeastern U.S. American Geophysical Union Fall Meeting, 12-16
December 2016, San Francisco, CA.
(4) Watson, E.B., A.J. Oczkowski, K. Raper, J.V. Mead, A. Hanson, E. Markham, R.
Johnson, C. Wigand, and D.J. Velinksy. 2016. Impacts of episodic storms on
coastal wetland processes in the U.S. Northeast. Annual Meeting of the Society
of Wetland Scientists, 31 May - June 4 2016, Corpus Christi, TX.
We plan to submit manuscripts based on our larger coastal wetland monitoring project
for publication in next two years, and we will be sure to acknowledge Pennsylvania Sea
Grant for support. We also expect to submit two manuscripts specifically resulting from
this project to peer reviewed journals within the next two years, including:
(1) Raper, K., E.B. Watson, and D.J. Velinsky. In prep. Interactions between
changing precipitation patterns and sea level rise on coastal wetland survival with
climate change. Submission planned to Climatic Change or Regional
Environmental Change
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(2) Watson, E.B., K. Raper, K., and D.J. Velinsky. In prep. Increasingly episodic
storms may enhance phosphorus retention in an urban freshwater tidal wetland.
Submission planned to Chemosphere or Environmental Research Letters.

Student Involvement
We utilized undergraduate students from Drexel University’s Co-Op program to provide
them with opportunities for experiential learning in environmental research. Drexel
students typically study for 6-month periods, interspersed with 6-month internships
called ‘Co-ops.’ Here we involved three Drexel Co-ops in this project. Ashleigh Jugan,
currently a junior environmental science major, participated in this project during
summer of 2015. Jacob Farmer, currently a junior geoscience student, and Farzana
Rahman, currently a senior environmental science student, participated in this project
during summer of 2016. Several graduate students also participated in our research at
Tinicum Marsh, including LeeAnn Haaf (Drexel Environmental Science Ph.D. student),
Johannes Krause (Drexel Environmental Science Ph.D. student), and Elisabeth Powell
(Drexel Environmental Science M.S. student). Undergraduate student Farzana
Rahman gave an oral presentation at the 2016 American Geophysical Union Fall
Meeting in San Francisco, CA that focused on the results of this research project.

Additional Research Indicated
•
•
•

Additional research on impacts of the waterlily beetle herbivory on wetland health
are called for.
Assessment of recent vegetation change patterns at Tinicum using remote
sensing imagery and robust comparisons with past maps can help determine
whether wetland cover has declined over past decades.
There is a large area of open space upstream of Tinicum on Darby Creek that
will be flooded by sea level rise could be managed for marsh migration. This is
not a research priority but a management opportunity.
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Appendix A.
Staff Supported
i.

Number of individuals: 6

ii.

Number of full-time employees (as part of the grant): 4

iii.

Number of full-time employees (as match): 2

Students Supported
i.

Number of undergraduate students: 4

ii.

Number of graduate students: 1

iii.

Number of Ph.D. students: 0

iv.

Degrees Awarded: 0

Outreach/Extension
i.

Number of meetings, workshops, or conferences, and number of attendees:
4 different meetings (AERS, SWS, Delaware Estuary Science Summit, AGU),
3 different attendees (Raper, Watson, Rahman)

ii.

Number of public or professional presentations, and number of attendees:
4 different presentations (AERS, SWS, Delaware Estuary Science Summit,
AGU), 3 different presenters (Raper, Watson, Rahman)
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Appendix B
Impact Statement
RECAP: Tidal wetlands at Tinicum Marsh are threatened by sea level rise, and
changing precipitation patterns are not resulting in improved resilience to climate
change.
RELEVANCE: Tinicum Marsh, in Philadelphia, is the largest remaining intact tidal
marsh in Pennsylvania. It provides valuable habitat to resident wildlife, and as an urban
refuge, provides opportunities for visitors to enjoy and experience nature, and for
students to learn about wetlands and their associated wildlife.
RESPONSE: Sea level rise threatens both natural and developed lands. Our main
research objective was to determine potential impacts of climate change to marsh
vegetation at Tinicum. We monitored sediment deposition and vegetation
assemblages, and additionally conducted event-based monitoring to identify the role, if
any, of changing precipitation patterns on wetland survival with sea level rise.
RESULTS: Our results suggest short term stability of wetlands at Tinicum, but suggest
that marsh drowning is likely over the next century. We found much greater rates of
sediment deposition during storms, and uncovered strong evidence that storms with a
return interval of greater than five years are increasing in intensity. However, most
sediment accretion that occurs at Tinicum is associated with more frequent smaller
storms, so it does not appear that changing precipitation patterns are ameliorating the
impacts of sea level rise.
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