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Why are Impoundments Important?
• Tidal marsh impoundments in Delaware’s
incorporate over 11% of the states approximately
36,500 hectares (90,000 acres) of tidal marsh.
• While these impoundments are not a naturally
occurring feature, due to their longevity
they have become a critical habitat for migrating
shorebirds and waterfowl.
• These areas have been protected for wildlife use
while other marsh areas have been developed or
lost to sea level rise thru time.
• With the onset of rapid climate change these
impoundments are now in danger of catastrophic
loss.

What are Impoundments?
• Impoundments are wetlands that are isolated from natural
inundation (usually by levees and water control structures),
and may be maintained as freshwater or brackish water.
• The surface exposure in individual impoundments fluctuates
from exposed mudflats to waters several inches deep, and
water level changes are dictated by rainfall, evaporation,
outflow structures, and controlled tidal flooding.
• These differing levels are optimized for habitat use, typically
with flooding of the areas in the fall and maintaining lower
levels in the summer for optimum vegetative growth (both
annual and perennial).
• A diversity of potential habitat types (open water, wetlands,
mudflats) during different season is optimal for managing
the needs of multiple species of concern.

• The fate of the impoundments has been a major concern for the
past 2 decades and has been addressed in several studies.
– In the 1994, CCMP for Delaware’s Tidal Wetlands, one of the
action steps was:
• “develop a management policy that determines under what conditions
or at what locations, and for what purposes, should damage
impoundment levees be routinely repaired or modified; and under what
circumstances or at what locations should no actions be taken to repair
a damaged levee.”

– What changes should be implemented to restore the wetlands
to natural tidal wetlands, once it has been determined that that
it is unsustainable to upkeep the infrastructure in response to
sea-level rise and further habitat degradation.
– Important to understand how impoundment management has
an effect on the overall accretion within the wetlands, and how
water-level management can be modified to bolster accretion.

The Current Study
• This study was conducted to evaluate the effects
of long-term impoundment management of the
rate of accretion and the subsequent wetland
platform elevational deficiencies, as compared to
neighboring un-impoundment tidal wetlands.
• Nine Impoundments (3 in the City of New Castle,
4 in Central Delaware Bay, and 2 in lower
Delaware Bay) and four reference tidal wetlands
were samples to evaluate their rates of accretion
over the past 60 years (using 137Cs analysis) and
their wetland platform elevations (using RTK
surveying) in relation to the local tidal datums.

210Pb

and 137Cs Radioisotopic Dating:
Sediment accumulation rate

Analysis Determines Sediment
Accumulation Rates
• Porosity (amount of water content)
• Bulk Density (determined by density of sediment and
amount of water)
• Organic Content (amount of organic material; % of
total volume)
• Cesium-137 (t1/2=30 years): Canberra GL2020R
gamma detectors
– Product of nuclear fission
– First introduced into environment by nuclear weapons
testing and reactor releases around 1954.
– Atmospheric fallout 137Cs peaked in 1963-64
– Atmospheric flux of 137Cs has been negligible for the past
several decades

Real Time Kinematic (RTK) Surveying
- Trimble 5700 RTK
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• These marshes were once a lush mosaic of rushes,
sedges, cattails, and smartweeds; and contained a
high diversity of waterbirds and other wildlife .

Buttonwood Dike
– Constructed in 1786
– To reclaim marsh for
agricultural purposes and
provide foot traffic access
– 42 acres in size
– Cut off from regular flooding
for over 228 years
Broad Dike
– Constructed in 1675
– Constructed to provide foot
and vehicular access
– 210 acres in size
– Cut off from regular flooding
for over 339 years
Gambacorta Dike
– Constructed in ~1706
– The property was confiscated
from Peter Alrichs, who had
failed to drain the marsh, and
was granted to George
Deakyne, “who drained the
marsh, and built a dike along
the river….”
– 41 acres in size
– Cut off from regular flooding
for over 308 years

Water Management Practices
• Over the past four decades the water management plan for these
impoundments was essentially a single purpose to prevent flooding of the
properties behind the levees, from Delaware River .
• To accomplish these flood mitigation goals, several iterations of water control
structures were installed to allow one-way flow out of the impounded marsh,
allowing storm run-off to flow out of the marsh while preventing Delaware
River water from inundating the marsh during tidal events.
• In the mid-1990’s new water control structures were installed to allows daily
tidal exchange while having the capacity to handle significant stormwater input.
• The main goals of these newer water control structures and updates water
management plan were to:
– improve the wetland habitat and condition,
– improve water quality of both the marsh and river through daily tidal
exchange,
– reduce the transportation of potential upland pollutants conveyed into the
wetland by stormwater runoff.
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Port Mahon
– 680 acres in size
– Created in 1967
– Initial wetland, prior to diking, was
dominated by Spartina alterniflora,
Spartina patens.
Little Creek
– Consists of 3 separate units, largest
was focus of study.
– 600 acres in size
– Area was dominated by dense
stands of Spartina alterniflora,
Spartina patens and Distichlis
spicata, before and shortly after
diking.
Logan Lane
– Divided into a northern (221 acres)
and southern (428 acres) units.
– Created in the early 1960’s
– Marsh was dominated by Spartina
patens, Distichlis spicata, and
Spartina alterniflora before it was
diked

Water Management Practices
• Degrading habitat quality in the coastal marshes , that resulted from
the 1930’s CCC mosquito ditching, became disastrous apparent by
the 1940’s.
• To aid in correcting these management actions, marsh management
entered a new era (during the 1950’s and early 1960’s) by creating
coastal impoundments to control mosquito breeding, improve
wetlands for waterfowl and other wildlife .
• The immediate success of impoundment prompted the construction
of impoundments along the coast from Port Penn to Little
Assawoman Bay. By the mid 1970’s, impounded wetlands began to
lose favor as a management option for wetland habitat due to the
restriction of nutrient exchange with the bay and loss of high and low
tidal marsh vegetation.
• By the 1980’s this management scheme resulted in the
impoundment being devoid of all emergent vegetation. The only
vegetation was found at the fringing wetlands, and was dominated
by Phragmites, Typha sp., and Iva fructescens.
• In the late 1980’s to mid-1990’s the water control structures were
updated to allow for more effective water level management
through the introduction of enhanced tidal flushing.

• USFWS impounded 200
acres of salt marsh in Unit IV
(1981), and converted
approximately 1,500 acres of
salt marsh in Unit II (1986)
and about 2,500 acres of salt
marsh and transition marsh
vegetation in Unit III (1984)
into brackish and freshwater
wetland plant communities
• Cost-effective opportunity
to provide habitat to
important migratory
waterbirds, and also to
control Phragmites australis
(which was dominating the
irregularly inundated
backbarrier marshes,
contained in Unit II and III

Water Management Practices
• During the freshwater management, from 1984 to
2006, the vegetation of Unit II and III were dominated
by freshwater annuals, perennials, and Phragmites
australis.
• In part, these larger low-salinity impounded wetlands
help to compensate throughout the region for losses of
such low-salinity habitats caused by human
intervention to keep coastal inlets open through
dredging or construction of jetties, or by other types of
impacts detrimental to such habitat types

New Castle Water Level Management
• As these three impoundments main goals were primarily flood
protection, the water level management prior to the mid-1990’s was
for no tidal exchange with the Delaware River (through a one-way
flood gate), and lower water levels in the wetlands to reduce mosquito
breeding (by only flooding the pools and ditches to a level to allow
access for fish, but not flood the marsh surface).
• During the mid to late 1990’s tidal gates were installed on these
impoundments, to allow for two-way tidal exchange to increase
flushing and water exchange to provide better habitat and biota
access.
• The effectiveness of the water level management , to provide
adequate two-way flow, was good until the late 2000’s when the
cumulative effect of rising tidal levels in the Delaware River have made
it difficult to remove water from the impounded wetlands during storm
events or control the interior water levels under the normal tidal
range.

Date
March 1st to April 30th

Manipulation (Pool level
at low tide)
Reduce Pool level to 0%,
but allow maximum tidal
exchange

Exposure

Rationale

All flats exposed, and ~ 16
inches of water
maintained in ditches

Promote flushing of
accumulated detritus and
sediments, while promoting
regrowth of emergent plants

May 1st to 30th

Increase Pool level to 50%, ~45% to 50% of the flats
allowing limited tidal
are inundated, with tidal
exchange
fluctuations of + 0.4 feet

June 1st to July 31st

Increase pool level to 75%
allowing limited tidal
exchange.

65% to 75% of the flats
are inundated, with tidal
functions of + 0.4 feet

August 1st to October 15th

Decrease Pool level to
50% allowing limited tidal
exchange.

~45% to 50% of the flats
are inundated, with tidal
fluctuations of + 0.4 feet

October 15th to February
28th

Increase pool level to
100% allowing limited
tidal exchange

~95% to 100% of the flats
are inundated, with tidal
fluctuations of +0.2 feet

Increase pool level for
waterfowl, without
inundating nesting areas,
while permitting regrowth of
emergent.
Provides habitat for
waterfowl brood rearing,
encourages SAV growth, and
provides shallow mud flats for
waterbirds.
Expose mud flats for
migratory shorebirds,
promotes regrowth of annual
plant species.
Provide habitat for
overwintering waterbirds,
waterfowl, and fish.

Central Delaware Bay Water Level
Management
• Originally consisted of entirely cut off from water exchange
with the adjacent Delaware Bay, except for once yearly
flooding.
• Over the years the salinity in the impoundments increased; by
the early 1980’s the salinities were observed to be as high as
100 ppt , causing the vegetation to die back (Clark 1995), and
use by waterfowl had declined drastically (Whitman and Cole
1987; Stocks and Grassle, 2003).
• The water level management strategy changed by the mid1980s, with an eye toward increase marsh productivity, and
water control structures were used to daily and seasonally to
manipulate the water levels.

• The main focus of the improved management was to allow a fall flooding
(beginning in October) and maintain a higher water level (< 24 inches on the
marsh) through the winter to attract waterfowl.
• Tidal exchange is eliminated or very limited during the late fall and winter to allow
a holding of the high water levels. Periodic drawdowns and re-floods are conducted
from January through March to prevent ice formation.
• In March, a drawdown to a 50% pool (50% surface inundation) is conducted to
expose the marsh surface to allow for shorebird feeding and vegetation to
germinate.
• During the spring and summer months, (April to August) the water levels are
maintained to 50% pool.
• In September and October, big drawdowns and re-floods occur to flush the
impoundments prior to the traditional fall re-flood.

• The control of the water levels within the impoundments has become more
difficult to manipulate as the effect of sea level rise and the subsidence of the
water control structures have lowered the openings of the structures within
the tidal range .

Primehook National Wildlife Refuge
Freshwater Water Level Management
• Units II and III of Primehook National Wildlife Refuge were managed
as freshwater impoundments from 1984 to 2006.
• The impoundments was managed through a typical moist soil
management that resulted in spring (March thru Mid-April)
downdraw to 50% pool level to expose the mudflats and marsh
surface to allow for annual and perennial plant germination.
• The water level would then be further lowered to 0% pool level
from Mid-April through July, to expose 100% of the surface to
encourage annual plant germination.
• The water levels would then be raised for the fall flooding in August,
and would reach 100% pool level by the end of October.
• The impoundments would stay at 100% pool level until March, to
provide habitat for overwintering waterbirds and waterfowl.

• From the 1990s to 2005, after impoundment infrastructure
was established, salinities within this impoundment range
from zero to five ppt.
• Since 2006, problems with the design of the stop-log flap
gates and rising water levels have resulted in a loss of
much of the capabilities to conduct water level
management of prior years.
• The salinity values in the impoundment ranged from 2 to
25 ppt from 2006 to 2009, until multiple breaches in the
dunes along the Delaware Bay converted Unit II and the
eastern portion of Unit III into saline and brackish open
tidal water bodies, and all water level management was
lost.
• After several breaches between 2009 and 2011, rapid and
expansive losses of wetland vegetation have resulted in a
convergence of Unit II and eastern Unit III into open water
embayment.

Core and Elevation Data Analysis

Tidal Datum Calculations and Interrelation to the Marsh Platform Elevation
Range of Tides

MHW Elevation

Mean Platform
Elevation

Standardized
Elevation

Lukens Marsh

1.79 m

0.83 m

0.94 m (0.08)

0.12 m

Buttonwood

1.79 m

0.82 m

-0.07 m (0.18)

-0.89 m

Broad Dike

1.78 m

0.81 m

-0.42 m (0.10)

-1.23 m

Gambacorta

1.77 m

0.80 m

0.25 m (0.10)

-0.55 m

Rivers Edge Marsh

1.78 m

0.80 m

0.92 m (0.12)

0.12 m

Port Mahon

1.82 m

0.74 m

0.47 m (0.18)

-0.27 m

Little Creek

1.82 m

0.74 m

0.57 m (0.21)

-0.17 m

Pickering Marsh

1.80 m

0.73 m

1.07 m (0.09)

0.34 m

Logan Lane North

1.78 m

0.72 m

0.74 m (0.20)

0.02 m

Logan Lane South

1.75 m

0.71 m

0.62 m (0.16)

-0.09 m

Primehook Unit 1

1.59 m

0.60 m

0.51 m (0.11)

-0.09 m

Primehook Unit 2

1.59 m

0.60 m

0.41 m (0.07)

-0.19 m

Primehook Unit 3

1.59 m

0.60 m

0.33 m (0.08)

-0.27 m

Primehook Unit 4

1.59 m

0.60 m

NAa.

NAa.

Core Analysis

• Accretion differs among the impoundments and reference marshes
(P=0.0000141) throughout the region and within the regions (P<0.05
{Delaware River Study Area}; P<0.01 {Central Delaware Bay Study Area};
P<0.05 {Lower Delaware Bay Study Area}).
• Bulk mass accumulation differed among the reference and impounded
marsh (P=0.00000236) throughout the regions and within only one of
the regions (P<0.01 {Delaware River Study Area}; P=0.517 {Central
Delaware Bay Study Area}; P=0.097 {Lower Delaware Bay Study Area}).
• Mineral mass accumulation differed among the reference and
impounded marshes (P=0.00000948) throughout the regions and within
only one of the regions (P<0.01 {Delaware River Study Area}; P=0.812
{Central Delaware Bay Study Area}; P=0.087 {Lower Delaware Bay Study
Area}).
• Organic mass differed among the reference and impounded marshes
(P=0.000000218) throughout the regions and within all of the regions
(P<0.05 {Delaware River Study Area}; P<0.001 {Central Delaware Bay
Study Area}; P<0.05 {Lower Delaware Bay Study Area}).

Mean Accretion (137 Cs;
cm/yr)

Bulk Mass Accumulation
(g/cm2/yr)

Mineral Cumulative Mass
(g/cm2/yr)

Organic Cumulative
Mass (g/cm2/yr)

Lukens Marsh

0.83 (0.09)

0.54 (0.26)

0.45 (0.11)

0.09 (0.01)

Buttonwood

0.44 (0.05)

0.38 (0.19)

0.32 (0.01)

0.053 (0.015)

P < 0.01

P < 0.05

P=0.078

P<0.05

0.56 (0.15)

0.23 (0.07)

0.167 (0.099)

0.063 (0.012)

P < 0.05

P < 0.01

P<0.05

P<0.05

0.55 (0.35)

0.18 (0.06)

0.13 (0.028)

0.050 (0.028)

P = 0.169

P<0.01

P<0.05

P=0.119

Rivers Edge Marsh

1.00 (0.15)

0.57 (0.26)

0.470 (0.118)

0.103 (0.012)

Port Mahon

0.30 (0.07)

0.18 (0.09)

0.157 (0.151)

0.027 (0.012)

P= 0.077

P=0.179

P=0.260

P<0.01

0.59 (0.09)

0.23 (0.10)

0.187 (0.012)

0.047 (0.006)

P = 0.195

P=0.140

P=0.238

P<0.05

Pickering Marsh

0.85 (0.20)

0.40 (0.16)

0.313 (0.157)

0.083 (0.015)

Logan Lane North

0.35 (0.08)

0.20 (0.09)

0.163 (0.021)

0.033 (0.006)

P=0.087

P=0.099

P=0.172

P<0.01

0.32 (0.04)

0.17 (0.08)

0.140 (0.070)

0.027 (0.006)

P=0.078

P<0.05

P=0.105

P<0.01

Primehook Unit 1

0.58 (0.18)

0.24 (0.09)

0.183 (0.111)

0.053 (0.006)

Primehook Unit 2

0.24 (0.01)

0.20 (0.10)

0.173 (0.023)

0.027 (0.006)

P <0.05

P=0.321

P=0.446

P<0.01

0.35 (0.11)

0.12 (0.04)

0.085 (0.078)

0.035 (0.007)

P= 0.093

P=0.301

P=0.262

P=0.196

Broad Dike

Gambacorta

Little Creek

Logan Lane South

Primehook Unit 3

Discussion
• The lasting effects of anthropogenic disturbance could
alter the system beyond common scopes of recovery
in restoration activities.
• One issue that is long suspected to affect
impoundment wetlands, is the lack of mineral
sediment input, due to the water control structures
water level manipulation and reduced regular tidal
flushing, but to shed light on the hypothesis the study
revealed that the largest role in accretion appears to
be plant biomass production through a healthy
wetland vegetation community.
• The interrelation of vegetative biomass production
and organic decomposition have been shown, to
account for the largest or most significance difference
between the impounded and reference wetlands.

Decomposition Discussion
• The water level management schemes did vary
between the impoundments, in the time,
duration, and amount of down draw, but what
was consistent between all of the impoundments
was down draws in the spring/summer to reduce
mosquito breeding and promote annual
vegetation growth.
• During these down draws, the impoundments
marsh surfaces were exposed, with flushing (in
the ditches and pools), so the marsh surface
could remain un-inundated to maintain surface
exposed for annual and perennial vegetation
growth.

Decomposition Discussion
• Extensive aerobic (oxygen rich)
exposure conditions (with
limited or no punctuated
anaerobic conditions through
regular inundation) would drive
organic decomposition rates to
be extremely high, especially as
compared to the regular
inundated reference wetlands
and the impoundments under
water level management
conditions that could be
achieved (a better ability to
drain and flood the
impoundment as needed or
prescribed).

Discussion cont.
• In addition, the adaptability of coastal wetlands to sea-level rise is
often attributed, in part, to the idea that flooding will slow rates of
organic matter decay (under anaerobic condition) and facilitate more
rapid organic matter accumulation.
• In contrast, several studies measurements of organic mass loss suggest
that enhanced flooding will lead to little change in decay rate, at least
in brackish marshes.
• Therefore, these studies results suggest that any adaptation of
marshes to sea-level rise must be accomplished through enhanced
root production or mineral sedimentation, rather than the changes in
decomposition.
• Since many of the wetlands most susceptible to sea-level rise are
deficient of high quantities of mineral sediment, it has been suggested
suggest that once the primary productivity of a marsh starts to decline,
sustained and perhaps accelerated rates of decomposition will only
exacerbate the syndrome through loss of elevation.

Conclusions
• It becomes Paramount to manage water levels for the species of
concern (i.e. waterfowl, shore birds, mosquito control, etc.) but
also to manage in a way that the belowground biomass is
optimize and decomposition rates are not enhance through longterm marsh platform exposures.
• It is the water level management effect on the wetland
vegetation’s ability to produce belowground biomass and to also
retain that organic material (through lower rates of
decomposition) that is the driving force in the difference in the
accretion and overall difference in marsh platform elevation
between impoundments and in the natural or reference
wetlands.
• The belowground biomass can be the main driving force for inplace vertical marsh accretion but is the water level
manipulations short circuit these natural processes, the disparity
in organic matter drives the impounded wetlands to have an
overall lower accretion rate and marsh platform elevation.

