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ABSTRACT
This study examines the recovery level of physical habitat in the former
impoundment of the Gunpowder Falls River behind the Gunpowder Paper Mill Dam.
Recovery is examined at three temporal/spatial scales. A biological time scale of less than
two years and the spatial scale of the streambed substrate in a channel cross-section are
used to assess recovery for the macroinvertebrate habitat. An historical time scale and a
watershed spatial scale are utilized to examine landuse history and its impacts on the
riparian tree community in the former impoundment. A geomorphologic time scale
coupled with a channel and valley cross-section morphology spatial scale provide the
intermediate link between the coarse watershed scale and the fine macroinvertebrate
habitat scale. The temporal evolution of stream morphologic and habitat recovery after
dam removal is studied by examining the recovery of the former impoundment at an
historically failed dam site as a surrogate for an intentional dam removal situation.
This study shows that one habitat, the streambed macroinvertebrate habitat, may
have fully recovered at one temporal/spatial scale and another, the riparian tree
community habitat, may still be significantly impaired at another temporal/spatial scale.
The recovery of the one and the continued impairment of the other have both been
controlled by a common watershed landuse history. Clarification of the inter-scale
connections and the intra-scale processes inherent in a fluvial landscape is essential to
making effective dam removal or other stream restoration decisions.
Field data collection methods employed are those in common usage by stream
restoration technicians and watershed planners. Analysis subjects the data to more
rigorous methods. The results suggest that the types of data commonly collected can
provide much more information about stream morphology and habitat recovery than is
typically garnered. This additional information may help stream restoration decisionmakers better identify what component of a stream's morphology or habitat needs
restoration and what components may be recovered or able to recover without
intervention. In the case of dam removal stream restoration, this study provides some
insight into the time frame in which recovery may take place.
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THE ARGUMENTS FOR AN HISTORICAL CASE STUDY OF PHYSICAL
HABITAT RECOVERY IN A FORMER DAM IMPOUNDMENT
1. Introduction
1.1. Research Inspiration
The research described in the following papers is multi-disciplinary in approach.
The three papers tell a story about a place with a rich physical and biologic ecology
where natural processes and human activities have together produced integrated layers of
ecotopography. The place is a visual anomaly, different from the places immediately up
and downstream and even from those higher up on the valley slopes. The surrounding
area is covered in thick deciduous or evergreen forests and the stream rushes through
rocky gorges. In the study area, there is no tree canopy and the stream is cut deeply into
sediments. It is a place not without its aesthetic charms however. There are luxuriant beds
of fern and the brush has lovely colors, as do the dragonflies, and the sky is very present.
How one sees the place depends largely on one's viewpoint. Some may see it as a
damaged ecosystem in need of restoration, some may see it as a wasteland of stinging,
prickly vegetation, others may view it as a place to hurry through on the way to the lovely
hemlock gorges and swimming holes upstream and downstream, and yet others see it as a
challenging place to drive off-road motorbikes. Picnickers, fishermen, and lovers do not
come here. Birders, occasional bow hunters, and horseback riders pass through. To the
human or stream ecologist or landscape archaeologist, it is place rich with surprise and
discovery. Poking through the stinging vegetation reveals an old breached dam, building
foundations, and a railroad bed with tributary streams channeled through stone drainage
culverts. While wading the stream, one stumbles over rusted mechanical parts and cable
and a submerged log structure embedded in silt. The high streambanks are made of
material a potter might use and are tracked with chutes worn by animals making their
way to the water. The streambed alternates between bedrock outcrops, gravelly riffles,
and silty pools and gauzy winged insects lift off the water surface.
It is a place that makes one want to know more about it. Some initial questions
come to mind. What is the history of this place? Why does it look so different from its
surroundings? Will it always look as it does today or will it someday be indistinguishable
from its surroundings? After some initial research and exploration, other questions arise.
Is this place a functioning set of habitats? How does it interact with the larger landscape?
If human activity has had a hand in creating this place, should it have a hand in shaping
its future? All of these questions are addressed in the following papers, but perhaps none
of them are fully answered.
The following papers use a variety of research disciplines to answer specific
research questions that relate abiotic habitat characteristics to human land use to physical
landscape process. Physical, riparian, hyporheic, and human ecology, hydrology and
hydraulics, fluvial and slope geomorphology, soils science and geoarchaeology, historical
and environmental geography, and landscape restoration planning all provide pieces of
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the story of the former impoundment at the Gunpowder Paper Mill dam and insights into
its future.
1.2. Research Approach
This study focuses on multi-temporal and spatial scale analysis of some physical
riparian and in-stream habitat changes in a former impoundment after dam failure and
uses landscape indicators to describe and quantify these changes. Landscape indicators
fall into five general types of indicators (landscape, hydrologic/hydraulic, physical
habitat, biotic, and water chemistry) often used to analyze human impacts on riverine
ecology. (Gergel et al, 2002, p.112) With the exception of water chemistry, these general
types of indicators of physical habitat were used in this study. Each of these general
indicators has advantages and disadvantages. Landscape indicators offer the advantages
of providing linkages with other indicators and direct measurement of human impacts on
watersheds and the disadvantages of spatial data that may be at too coarse a resolution
and too recent in temporal coverage and of requiring sophisticated geospatial analysis
technology. Hydrologic/hydraulic indicators have the advantages of readily accessible
historical data and the possibility of making connections between physical habitat
characteristics and the habitat needs of species populations and communities. The
disadvantages include the amount of field and analytic work to obtain hydraulic
measures. Physical habitat indicators may through long-term assessment reveal
geomorphic change at many scales, but is labor intensive due to spatial scale extent and
establishing linkage with biotic indicators may be difficult. Biotic indicators are very
often used in stream assessments, but may provide the least amount of information
because of the difficulty of identifying clear cause and effect between biologic success
and a specific physical habitat characteristic or set of characteristics. Additionally,
because a reference condition may be hard to locate, biotic indicators may only provide
qualitative and relative measures of human impacts. (Gergel et al, 2002, p.122) Biotic
indicators that historically focused on fish habitat have been expanded to include
macroinvertebrate and woody riparian species habitat. (Stalnaker et al, 1995, in Gergel et
al, 2002, p.123)
The International Union of Geological Sciences includes seven river-associated
indicators in its set of geoindicators for assessing the abiotic environment over broad
temporal and spatial scales. These seven geoindicators are sediment sequence and
composition, floodplain and wetland hydrology, erosion of soil and sediment, stream
discharge, channel morphology, stream sediment load and storage, and surface water
quality. (Gergel et al, 2002, p.119) In the following three papers, all seven of these
geoindicators are used to describe the physical habitat changes in the former
impoundment behind the historically breached dam at the Gunpowder Paper Mill on the
Gunpowder Falls River, Baltimore County, Maryland.
1.1. Intentional Dam Removal
The number of planned dam removals in the United States has risen significantly
in the last several decades. This period of dam removal follows the great dam building
era in the United States that ended around 1970. More than one quarter of the dams still
standing in 1996 were built in the 1960s. (The Heinz Center, 2002, p.33) Of the 460
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dams, over six feet high removed nationwide in the last 40 years, 28% have been
removed since 1999, when removal of the Edwards Dam on Maine's Kennebec River
made national news. (Blankenship, 2004, p.5) Pennsylvania has removed 40 dams in the
Chesapeake Bay watershed in the last decade. (Blankenship, 2004, p.4)
The State of Maryland estimates the number of dams to be 10,000.(Blankenship,
2004, p.4-5) For hydrologic impact purposes, dams are categorized by their water (and
inadvertent sediment) storage capacity. Small dams store from 1-100 acre-feet, medium
dams from 100-10,000 acre-feet, large for 10,000-1 million acre-feet, and very large
dams greater 1 million acre-feet. The majority of U.S. dams fall in the "small" category.
(The Heinz Center, 2002, p.23)
Dams today may have multiple purposes, but their primary purposes include
recreation, fire reservoirs, farm ponds, flood control, water supply, irrigation, tailings and
waste storage, hydroelectric, and navigation. (The Heinz Center, 2002, p.35) Historic
primary purposes for small dams in the mid-Atlantic were more likely to fall into the
categories of farm ponds and power generation. Farm ponds were used for fire control,
ice production, and livestock watering. Power generation in the pre-electric age was by
direct water fall and steam production that powered the many small mills found on most
small perennial streams. Mill types included saw mills, planing mills, grist mills, flour
mills, bone mills, paper mills, and fulling and textile mills. Though most of these small
dams are no longer associated with their original function, they persist in the landscape
either intact or as partial blockages to stream flow.
Many of these small mill dams are of crib construction that combines a timber
box or crib that is usually filled with rock to add stability. Overflow at the dam crest is
constant. The constant wetting of the wooden construction exposed to air causes rapid
rotting and structural failure. Frequently, coatings of concrete were applied to strengthen
the dam face once concrete became available. Some of the larger of the small dams were
faced with dressed or undressed rock without mortar over rock rubble and earth fill.
Sometimes, these dams were later also faced with concrete.
1.2. Dam Failure
Small dam failure is usually a local event with few consequences for public safety
because the storage volume is small. Most small mills were out of operation by World
War I and, unless the dam had a secondary purpose, dam maintenance was not kept up. A
flood event would then breach the deteriorated dam. Floods of 1884 (Gibson, 1886,
pp.474-480), 1889, and 1932 (Seitz, 1946, p.50) in Central Maryland and South-central
Pennsylvania breached many small mill dams, only some of which were rebuilt. Many of
the small dams in the mid-Atlantic Piedmont that still existed in June, 1972 were
breached during Hurricane Agnes.
However, breaching by flood seldom involves the removal of the entire dam. The
terminal ends of many of these dams are still in place, particularly the rock faced earthen
dams. At the breach point, a lip or footer layer is often still in place and still exerts minor
grade control on water and sediment flow at a much lowered elevation. Frequently, rocks
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from the dam can be found strewn in the streambed immediately downstream from the
breach where they create a riffle or rapid.
Because most small dams are on private lands, have no modern use, and have
very local impacts upon failure, site restoration is very uncommon. This situation
presents three very significant opportunities. Firstly, the sites of historically failed dams
provide locations in which to study the progression in time and space of channel
morphology and in-stream and riparian habitat transformation after dam removal. This
may provide information on landscape recovery trajectories that can aid in determining
the scope of a dam removal project, where the goals include channel morphology and
habitat restoration. Secondly, at such sites where no or minimal reuse of the
impoundment area has occurred, there is an opportunity to assess the no-restoration
option in terms of sediment removal or stabilization as it affects channel morphology and
habitat in the former impoundment. Thirdly, where the local runoff-contributing area has
been permitted to naturalize, recovery of channel morphology and in-stream habitat can
be analyzed in terms of landuse and land cover changes in the larger drainage area. All
three of these opportunities are explored in the following three papers.
Not discussed in these papers, but of significant interest, are the opportunities that
historically failed dam sites provide for the studies of downstream channel morphology
and habitat impacts, long-term restoration of anadromous fish migration, increase in
recreation and sporting activities in streams, and property value changes along former
impoundments.
1.3. Social Motivations for Dam Removal
Reasons for planned dam removal include structural obsolescence, safety and
security and related liability concerns, economic obsolescence, downstream recreational
opportunities, water quality and quantity, and ecosystem restoration. (The Heinz Center,
2002, pp.41-47)
Property owners and community members may wish to preserve dams and their
impoundments for several reasons. Lake-side property owners may fear that their
property values will decrease if the lake is drained. Environmental concerns for the fate
of the impoundment ecosystem is often expressed. Historical preservationists may wish
to preserve the cultural landscape of the dam and impoundment. Recreational users of the
impoundment may not wish to lose the boating and fishing opportunity that the
impoundment provides. The scope of the dam removal project may also give pause for
thought. If there is considerable sediment storage or the sediment is contaminated, the
cost of removing the dam and the sediments in such a way so as to minimize the damage
to downstream habitat and water users may be prohibitive. Extensive river engineering
and habitat replacement are also very expensive. High cost is especially prohibitive in
small, rural, headwaters communities with a limited capital budget. Regional, state or
Federal government may provide the necessary financial resources, but intrusion by
government into local affairs may rouse political opposition.
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2. Ecological Impacts
Ecological impacts of dam removal occur both upstream and downstream from
the dam and can be both positive and negative. Negative downstream effects include the
release of fine sediments that may contain toxins (American Rivers, 2002, p.8), can clog
streambed substrate habitat, and increase water turbidity. The initial breach may also
release water that is supersaturated with gases to the detriment of downstream species
(American Rivers, 2002, p.5). Dams that have been in place for many years may have
developed functioning lacustrine ecosystem in the upstream impoundment. Dam removal
destroys the lacustrine habitat and many of the species will not adapt to a riverine habitat;
affected species include warm-water fish and macroinvertebrates, some mammals and
birds, and plant species that thrive in the hydrology of the lake edge (Shafroth et al, 2002,
p.1).
One of the more often cited ecological reasons for dam removal is the restoration
of natural flow in the stream from its headwaters to its mouth. Usually, the reason for
restoring flow is to enable anadromous fish species to migrate to spawning areas. This is
a somewhat romantic notion because dam removal by itself will probably not ensure the
return of a self-sustaining anadromous fish population. (Stanley and Doyle, 2003, p.1920) However, it serves as a useful proxy for a more important but less nostalgic reason
for restoring natural flow - restoring the energy flow continuum that ensures that the river
system functions as habitat for a wide diversity of species and communities.
Vannote et al (1980) proposed the "river continuum concept", which is based on
the fluvial geomorphologic theory of energy equilibrium. The concept proposes a
continua of macroinvertebrate communities along a river system as a construction
analogous to the subtractive downstream process of physical energy use proposed by
fluvial geomorphologists. Macroinvertebrate functional feeding groups may be regulated
by the geomorphologic processes that provide energy in the form of organic matter. The
physical structure of the river and the hydrologic cycle dictate the biological responses
which take the form of community patterns. The pattern at a particular point is a direct
result of "energy leakage" from the parts of the pattern upstream. (Vannote et al, 1980,
p.130)
As stream form is representative of a dynamic equilibrium state, so are the
biologic communities distributed along the stream. The community that develops at a
particular place is selected to conform to the probable position or mean state of the
physical stream. Communities of producers and consumers characteristic of a place are
dictated by the way in which the stream utilizes its kinetic energy to achieve dynamic
equilibrium as represented by a set of physical characteristics. As a result, the biologic
communities also reach dynamic equilibrium. Kinetic energy use by a stream is a result
of and results in width, depth, velocity, flow volume, temperature, and entropy gain. Any
kinetic energy use change restructures the system, and biologic communities must adjust
rapidly. (Vannote et al, 1980, p.131)
Lotic communities are grouped according to stream size: headwaters, mediumsize streams, and large rivers. Classification in a particular size group is dependent on the
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change in gross primary production to community respiration (P/R). The functional
groups of macroinvertebrates shift proportional population size to reflect the types of
organic matter available. The continua of communities reflects the continuum of organic
particle size from coarse to fine as transported from headwaters to large rivers. One of the
primary sources of coarse organic material in headwater streams is the riparian forest
community. Because the biologic system moves toward equilibrium, it must balance the
need to use energy efficiently with uniform energy use throughout the year. It does this
by cycling species or species' productivity through the year thereby maximizing energy
use at a uniform rate. (Vannote et al, 1980, p.131)
Because community structure is only changed by cataclysmic events occurring in
a short time span or by the slow process of channel development, biological stream
systems are time invariant and therefore do not experience succession. Changes
necessitated by channel development are adapted to through evolution. Cataclysmic
changes are dealt with by proportional population changes within the community.
(Vannote et al, 1980, p.135)
Dams are major disruptions of a stream's longitudinal gradient (Ward and
Stanford, 1995a, p.56) and, as such, disrupts the ecological connectivity that provides
pathways for the exchange of water, energy resources, and organisms between the
channel, floodplain, and aquifer (Ward and Stanford, 1995b). Channel scouring below
dams (Williams and Wolman, 1985, p.84) limits flood access to floodplains, which
eliminates vernal flooding and floodwater habitat and seasonal nutrient-rich silt
deposition. Channel degradation also lowers alluvial water tables (Bravard et al, 1999, p.
306), which may cause loss of riparian woody vegetation if the water table descends
below the root zone (Bravard et al, 1999, p. 320). In turn, the stream may experience
warmer water temperatures and loss of organic detritus input as a result of riparian forest
demise. Draining and drying of floodplain soils increases strength and reduces bank
erosion, leading to increased bed lowering, which will rejuvenate tributaries and increase
tributary erosion. Above the dam, the downstream flow of sediment and nutrients is
trapped (Church, 1995, p.3), this energetic discontinuity affects downstream species. The
weight of stored water and sediment may cause the water table to rise on adjacent land
drowning plant species adapted to well-drained soils.
2.2. Dam Removal as Disturbance
The construction of a dam in a stream is a major disturbance. However, after
enough time both the physical morphology and the stream communities may equilibrate
to the change in energy flow. This is particularly so for inactive but intact dams, where
flow from the dam is not altered but develops a seasonal pattern. Active dams with
irregular, non-seasonal flows or flushing flows or out-of-channel diversions are
exceptions. Though, here again, the ecosystem will eventually equilibrate, but will likely
be significantly impoverished in diversity and complexity.
In terms of ecological consequences, dam removal is also a disturbance. It
eliminates the impoundment ecosystem and changes the physical environment. (Stanley
and Doyle, 2003, p.20) Dam removal releases fine sediment downstream that may clog

6

gravel habitats for fish and macroinvertebrates. If toxins are attached to stored sediments,
they will be remobilized and at higher concentrations. Nutrients released at higher
concentrations may also trigger algal blooms downstream. (Stanley and Doyle, 2003,
p.18) Lowering of base level may also cause rejuvenation of upstream reaches and
tributaries and initiate new cycles of erosion, causing ongoing deposition of fine sediment
in downstream habitats even after initial channel incision in impoundment sediments is
completed.
3. Post-Dam Removal Monitoring
3.1. Lack of Long-term Record
It is possible, given enough time, that the negative ecological impacts of dams
may be reversed by dam removal. (Hart et al, 2002, p.2) However, there are no streams
with dam removals that have been studied over a sufficient time period to indicate how
long recovery will take, which is likely to be different in different climates and geologies.
(Hart et al, 2002, p.5) One of the significant limitations to the development of general
conclusions about the trajectory, range, and magnitude of ecological responses to dam
removal is the simultaneous changes in multiple abiotic factors that make identification
of causation difficult. (Hart et al, 2002, p.4)
Historical analysis of the impact of regulation and deregulation of river flow on
physical habitat may provide significant insight into ecological past process and future
adjustment to dam removal. Petts (1989) characterizes the historic approach to
reconstructing sequences of change in fluvial systems as inductive, rather than deductive,
due to the multiplicity of variable interactions. The results, therefore, are never truly
deterministic, but add to the body of knowledge from which deductive, causative
methods may be drawn. (Petts, 1989, p.13) Inferences about anthropogenic change to
fluvial systems can be made at four levels. Evidence from field observation of biotic
elements, such as species populations and habitat communities, and from the morphology
and distribution of fluvial sediments and landforms, may be used to draw inferences
about process dynamics, such as sediment transport and hydrology, that may, in turn, be
used to clarify the general characteristics of the fluvial environment. This evidence can be
enhanced by the historic record of human activity in the watershed. (Petts, 1989, p.12-13)
Dam removal or failure can initiate morphologic channel changes tending towards
recovery to a pre-dam state. However, channel change occurs in a watershed context and
the impacts of the removal (or construction) of a local structure must be studied in both
the local context and the watershed system. If change is occurring in watershed land use,
impacts of dam removal will be moderated by systemic changes. Additionally, the
presence of the dam and its long term impacts may have introduced structures and
materials into the local riparian fabric so that recovery is not a mirror image of the impact
process. In the case of a dam, impounded sediment creates a landform and a material
source with which the pre-dam system did not have to contend. This landform and its
structural materials have their own physical processes, which may hinder or mold
channel recovery. Both the systemic watershed changes and the introduction of new
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materials and related processes must be analyzed to predict the long-term ecological
impacts of dam removal.
3.2. Channel Evolution Models
A stream is a machine for the transport of sediment and water. A machine
transforms potential energy into kinetic energy and heat. The potential energy or energy
of position derives from rainfall precipitating at higher elevations, which is converted to
kinetic energy as it flows downhill. Water flowing in a river does not accelerate as it
moves downstream, so average velocity is constant. Therefore, the change in elevation
over a distance represents the change of potential energy to kinetic energy, most of which
is converted to heat from friction. The energy balance is used to transport sediment, a
process which sculpts the stream channel. (Leopold, 1978, p.675) Absent a major
disturbance that triggers an intrinsic geomorphologic threshold response in the system,
the energy flow and work done create a stream morphology that is in quasi-equilibrium.
(Schumm, 1984, p.171)
Lane (1955) described the responses of alluvial channels to environmental
changes in water and sediment discharge relative to channel slope and streambed
sediment size. The proportional relation is:
QS ∝ QsDs

Equation 1

Where:
Q = water discharge
S = channel slope
Qs = sediment discharge
Ds = characteristic streambed sediment size
Alterations in stream conditions, such as flow rate or slope, will induce a proportional
response in sediment rate or streambed sediment size. This response will be manifested in
channel morphology changes, such as upstream degradation. (Doyle and Shields, 2000,
p.293; Simon and Darby, 1994, p.3)
The initial response of a stream channel immediately above a breached dam to
water lowering is channel incision into the sediments that have accumulated behind the
dam over the life of the dam. There are many possible causes for channel incision and
they can be divided into two major groups: decreased erosional resistance and increased
erosional forces. (Schumm, 1984, p.12) The decreased erosional resistance group
includes decreased vegetation cover and surface disturbance. The increased erosional
forces group includes constriction of flow, concentration of flow, steepening of gradient
and energy slope, increased flow rate and peaks, and decreased sediment load. (Schumm,
1984, p.12) The trigger for incision can be either extrinsic or intrinsic as it precipitates a
sudden change in geomorphology by crossing a threshold inherent to the system.
(Schumm, 1984, p.14) In other words, the triggering variable may be either external to
(e.g. base level lowering by dam removal) or internal to (e.g. bank erosion due to
sediment size) to the system. In the case of a dam breach, the extrinsic trigger for incision
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is the lowering of the base water level, which increases the energy slope. Theoretically,
the subsequent development and evolution of stream channel morphology progresses
through a series of stages until some quasi-equilibrium state is achieved. (Doyle et al,
2002, p.12; Stanley and Doyle, 2002, p.699) Dam removal (extrinsic) or failure (intrinsic)
initiates an adjustment process in the former impoundment as the stream channel
reestablishes itself in the accumulated sediments. A threshold is crossed and the system
responds by moving out of the equilibrated, pre-dam removal, range of morphologic
characteristics. Long-term impacts of dam removal or failure on the former
impoundment can be analyzed in part by the post-failure stream channel's capacity to do
work as the water flow transports sediment over time. The end stage channel morphology
when dynamic equilibrium has been reestablished indicates whether or not restoration to
a pre-dam morphology has occurred or whether a new equilibrium has been achieved that
is different from both the pre-dam and pre-breach morphologic equilibrium states.
Because the channel morphology controls habitat variables for in-stream and riparian
species, the response rate and transitional stage duration must also be considered in terms
of species life history.
Several channel evolution models (CEMs) have been developed for incised
stream channel morphology. The evolutionary stages, usually five or six stages, are
charted in succession as they progress upstream. (Fischenich and Morrow, 2000, p.3) It is
assumed that just as stages develop spatially in progression upstream, they will also
progress temporally at a station. Schumm, Harvey, and Watson (1984, p. 128) developed
schematic longitudinal and cross-sectional profiles for the Oaklimiter Creek, Mississippi,
substituting space for time, of the evolutionary progression of channel morphology
changes after channelization. In addition to indicating direction of width and depth
changes, width to depth ratios are given. These profiles were later generalized into an
evolutionary model for incised channels, which shows channel dimensional changes,
bank height, direction of bank failure, the outline of the pre-incision channel, and
sediment size types for the aggradational phases. (Schumm, 1999, p.26)
Watson et al (1986) proposed a CEM with five stages that focuses on bank
stability by comparing bank height to a critical bank height for mass instability. (Thorne,
1999, p.103) Stage I is the stable channel before initiation of the incision trigger. Stage II
is characterized by a degrading stream bed, but with stable banks, and starts after trigger
initiation. In Stage III, the channel widens and banks become unstable due to
undercutting and/or over steepening. In addition, there is some preliminary deposition on
the stream bed of sediment mobilized during channel widening. In Stage IV, stream
banks fail; the bank material is deposited on the streambed which aggrades significantly
as a consequence. Stage V is characterized by stable banks, slow bed aggradation, and
new floodplain development.
Simon and Hupp (1986) developed a six-stage CEM that has many similarities to
Watson's with some significant differences. (Thorne, 1999, p. 104) This model is more
explicit about channel deepening and widening. Stage I is described as premodified and is
aggrading. Stage II is an additional stage not included in Watson, which marks the event
that triggers incision; in this case, it is channelizing construction, but could be a dam
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breach. Stage III is characterized by bed incision and Stage IV adds channel widening
with unstable bank failure. Stage V includes additional channel widening with bed
aggradation from deposition of bank material. Stage VI is the quasi-equilibrated
morphology with bed aggradation and channel narrowing with floodplain development.
Doyle et al (2003) have adapted the Simon and Hupp model for the dam removal case.
The stages are lettered. Stage B (II) is characterized by a lowered water surface. Stage E
(V) predicts continued channel widening with aggradation rather than narrowing with
aggradation. This CEM also demonstrates the longitudinal, upstream progression of the
channel headcut from the dam through the impoundment sediments. Interestingly, Doyle
does not include riparian woody vegetation of the new floodplain, though this may be a
graphical illustration choice rather than an prediction about vegetative succession.
Pizzuto (2002) offers a combination CEM that includes the six stages proposed by
Simon and Hupp, the Stage V (E) channel aggradation accompanied by widening
proposed by Doyle et al, and the focus on critical bank height of Watson's CEM. In
addition, Pizzuto proposes a time scale for channel evolution progression from dam
removal to the development of a quasi-equilibrium channel (Fig. ), which he
characterizes as "highly speculative". Stages are not specifically tied to time periods.
Generally, channel incision by headcut into the impounded sediments is predicted to
happen immediately and over-steepened bank failure in one year. The attainment of the
newly quasi-equilibrated channel is predicted for one decade with the possible inclusion
of new floodplain development. (Pizzuto, 2002, p.2)
Hart et al offer a CEM that shows changes in planform, channel width, and
vegetative succession in three stages distributed over time. The change from dam
removal to incised channel with initial plant colonization is predicted to take from days to
years. The change from an incised to an equilibrium state with stable channel features
and riparian vegetation is predicted to take from years to decades. This simple model is
accompanied by stage-appropriate biotic and abiotic ecological responses. (Hart et al,
2002, p.2)
A composite channel evolution model diagram is shown in Figure 1. Doyle and
Shields (2000) present a CEM table (Table 1) that includes most of the features of the
CEMs described above, while adding Lane's relationships for flow rate and channel slope
to sediment transport rate and sediment size. (Doyle and Shields, 2000, p.295)
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Ia: Pre-dam

Ib: Dammed Stream

II: Dam Removed and Water Lowered

h
III: Channel Degradation, h > hc

h

IV: Channel Widening and Bank Mass Wasting, h < hc

h
V: Channel Aggradation, h< hc

VI: Quasi-Equilibrium

Figure 1: Channel evolution model after a dam removal. Arrows indicate direction of
change, and "h" is the bank height and "hc" is critical bank height at incipient failure.
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Channel Evolution Model Including Sediment Size and Lane's Relationships
Stage Stage Description
Lane's Relation
Condition
PreChannel neither aggrades of
I
Q S ∝ Qs Ds
regulation/dynamic
degrades, possible lateral
equilibrium
movement, banks vegetated to
flow line
+ +
Constructed
Channel structural modification
II
Q S ∝ Qs Ds
+
+
+ +
Degradation
Channel degradation from
III
Q S → Qs Ds
increased slope and flow rate,
incision causes steep banks,
nickpoint migrates upstream
Degradation and
Channel slope stabilizes and
IV
Q + S → Qs+ Ds+
widening
width increases, oversteepened
banks undergo mass wasting
- Aggradation and
Sediment from failed banks
V
Q S → Qs Ds
widening
deposited on bed causes channel
aggradation, meandering
thalweg, woody vegetation on
lower bank
- Reduction in bank height,
Quasi-equilibrium
VI
Q S → Qs Ds
development of new floodplains
with woody vegetation
Table 1: Six stage channel evolution model that includes sediment size and Lane's (1955)
relationships between flow rate and slope versus sediment transport rate and sediment
size. (After Doyle and Shields, 2000, p.295)
The progression of stream channel evolution through the earlier stages over
fourteen months after dam removal has been well documented for two Wisconsin rivers,
the Koshkonong and the Baraboo (Doyle et al, 2003). In both these cases, Stage E (V for
Watson, VI for Simon and Hupp) has not yet been attained. For the Baraboo, the
degraded and widened channel of Stage D is predicted to be the end stage with transport
capacity being sufficient to mobilize sediment through the former impoundment. Only
the most downstream station of the Koshkonong has achieved Stage E due to slow
headcut migration.
The time frame for the later evolutionary stages is not known because most
intentional and studied dam removals have happened so recently that an insufficient time
has passed for the effective monitoring of these later stages. It is also unclear if a former
impoundment channel will pass through all the evolutionary stages or if one of the
intermediate stages might be an end stage under certain circumstances, as is predicted for
the Baraboo River (Doyle et al, 2003, p.13). In the case of the Newaygo Dam on
Michigan's Muskegon River, it is estimated that from 50-80 years following removal may
be required to flush stored sediments downstream. (American Rivers, 2002, p.8) Several
modeling studies have indicated that former impoundments should return to pre-dam
conditions within a year or several years, but empirical data suggest otherwise. (Doyle et
al, 2000, p.4-5) The study of historical dam failures and the subsequent development of
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stream channel geometry in the former impoundment may help to clarify these time
frame, progression, and end stage issues.
3.3. Evidence from Historically Breached Dams
The use of historically breached dam sites solves the problem of a short
evaluation period of ecological recovery at modern dam removal sites, but poses some
additional complexities. The construction and failure of the dam are just two of the
changes that affected the habitat function in this section of the Gunpowder Falls River.
Disturbances of varied duration and magnitude have altered the energy budget of the area
and each and all have had an impact on the ecological recovery of this place.
Changes in human land use locally and throughout the watershed have left both
obvious and subtle marks on the landscape and in ecological response. (Russell, 1997,
p.7) Most watersheds have undergone significant land use/cover alterations over time.
These changes also affect the water and sediment discharges to the stream that determine
channel morphology. While this complicates the identification of evolutionary channel
stages solely attributable to dam removal, it does present a more realistic scenario. If the
later evolutionary stages will only be achieved over the course of a decade or longer, it is
to be expected that watershed land use/cover might change and the impacts of these
changes must be incorporated into the assessment of the long-term effects of dam
removal on channel morphology. It might even be suggested that the fact of dam removal
or consideration of dam removal heralds an incipient change in local land use. If the dam
is still associated with land use/cover affecting human activities, such as power
generation or lacustrine recreation, which will be terminated as a consequence of dam
removal, then it can be assumed that there will be, at minimum, a local change in land
use/cover. If the dam is located near enough to a watershed divide, land use/cover may
change for the entire contributing watershed.
The study in an historical context of ecological recovery from disturbance is a
rich source of information and insight, but also a bewildering puzzle of cause and effect.
A heavy reliance on models, such as the channel evolution models discussed above, is
tempting because it provides relief from complexity. In the case of the former
Gunpowder Paper Mill impoundment, the model does provide a direction for exploration,
but not a final destination. The following three papers present the results of research that
integrates physical landscape process and landuse history using a synchronic and
diachronic approach, much as the channel evolution model does. Deviations from
channel evolution model stages, insights into recovery time period, and implications for
dam removal decision-making and restoration project scope are discussed in the final
essay following the three research papers.
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USING CROSS-SECTION MORPHOLOGY AND DOMINANT FLOW TO
ASSESS CHANNEL GEOMORPHIC RECOVERY IN A FORMER DAM
IMPOUNDMENT
Abstract
This study examines the possibility of using stream channel cross-section
morphology and the determination of dominant discharge to establish the level of
recovery of stream channel cross-section morphology in a former dam impoundment in
the Maryland Piedmont. Channel morphology recovery is assumed to have occurred
when dominant discharge is reflected in a channel dimensional geometry that is
representative of those discharges and dimensions typical of the regional physiographic
hydrology and land use. Channel morphology at three cross-section study sites in the
former impoundment at the Gunpowder Paper Mill Dam is used to identify a connection
between channel cross-section geometry and potential channel-forming discharges. Three
interpretations of dominant discharge are analyzed: bankfull discharge (Qbkf), return
period discharge (Qri), and effective discharge (Qeff).
The methods used for field data collection in this study are those commonly used
by stream restoration technicians. This study attempts to marry sound physical ecology
principles of fluvial process with the level and types of data collection that are commonly
used by stream restoration and watershed planning decision makers. The application
sequence of the methods is designed to collect and analyze data that will provide
information about system variables that must be addressed to make good stream
restoration decisions.
The final analysis suggests that the channel cross-section dimensions and
dominant discharge can be used to unravel some of the ambiguity and complexity of
channel geomorphic recovery at anthropogenically disturbed sites. The use of regionally
typical, reference channel dimensions and bankfull discharges may provide an
incomplete picture that is greatly enhanced by determining if the effective flow is
associated with a regular return period that corresponds with a regionally typical bankfull
discharge. One site is found to still be adjusting to impoundment impacts after over 70
years since dam failure. Another site is deemed recovered and a third qualitatively
recovered.
1. Introduction
This study attempts to answer four questions about channel cross-section
geometric stability in a former impoundment 70 years after dam removal.
1. Is there geomorphic impairment to the stream channel that is caused by fluvial
process, as represented by a significant deviation from channel dimensions typical of
stable cross-sections in the region?
2. Is the channel morphology that is controlled by fluvial process maintained by an
effective discharge with a consistent return period?
3. How long does it take for channel cross-section geometry to stabilize in a former
impoundment after dam removal in the mid-Atlantic Piedmont?
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4. Has the physical habitat in the former impoundment recovered and is habitat repair
required?
Of all the discharges delivered to a stable stream, the most important one for the
formation and maintenance of channel morphology is the bankfull, which, for nonincised streams in the mid-Atlantic Piedmont, has a return period of between one and two
years or of approximately 1.5 years. (Leopold et al., 1992, p. 319) However, an incised
channel is no longer connected to a floodplain, and flows of much longer return periods
can be transported within the channel without overbank flow. (Bravard et al., 1999, p.
313; Simon and Darby, 1999, p. 4) As incised channels reestablish equilibrium with the
regimen of discharges and sediment load over time, they develop new channel crosssection dimensions that are maintained by the return period of bankfull discharge.
It is not always apparent on first observation whether channel morphology is
being maintained by a flow with a specific return period, particularly in incised channels
that develop in former dam impoundment sediments after the dam is breached. A stream
is considered to be stable if channel hydraulic geometry has remained in equilibrium with
the flow rate and sediment load delivered to it so that the flow is just transporting the
sediment load. (Haan et al., l994, p. 405) In other words, neither bed scouring nor silting
takes place and if this condition persists over time, neither streambed degradation nor
aggradation occurs and the channel morphology is at quasi-equilibrium. (Leopold et al.,
1992, p. 272) To determine if the channel cross-section morphology is in equilibrium, the
following four conditions must be met.
1. Cross-section discharge and geometric dimensions based on drainage area must be
consistent with a regional reference bankfull discharge and cross-section geometry
based on drainage area, so that:
QbkfDA ≅ a DAx and GDDA ≅ b DAy

Equation 1.1.

Where:
Qbkf = bankfull flow (L3/t)
DA = drainage area (L2)
GDDA = cross-section bankfull geometric dimensions calculated from drainage area (L or
L2)
a, b = coefficients
x, y = average change of dependent parameter relative to the independent parameter
2. Cross-section discharge return period must be consistent with the regional reference
bankfull discharge return period, so that:
RIQri ≅ RIQbkf reg
Where:
RI = return period (t)
Qri = flow with constant return period (L3/t)
Qbkf reg = regional return period bankfull flow (L3/t)

Equation 1.2.
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3. Cross-section geometric dimensions must be consistent with the regional return
period bankfull flow, so that:
GDQri ≅ c Qri z

Equation 1.3.

Where:
GDQri = cross-section geometric dimensions calculated from Qri (L or L2)
c = coefficient
z = average change of dependent parameter relative to the independent parameter
4.

Cross-section effective flow determined from the peak annual flow record must be
consistent with bankfull flow calculated from drainage area and the return period flow
typical of the region, and the cross-section geometric dimensions associated with
effective flow must be consistent the geometric dimensions calculated from drainage
area and/or those associated with the return period flow typical of the region, so that:

Qeff ≅ Qbkf, Qri and GDQeff ≅ GDDA and/or GDQri Equation 1.4.
Where:
Qeff = effective flow (L3/t)
Most pre-restoration stream assessment is done by short-term field observation
and measurement (usually one observation or set of measurements) of existing channel
conditions. The assessment technician tries to identify bankfull flow indicators at a
stream cross-section in a reference reach, a reach in the same or a nearby stream that
appears to be equilibrated to discharge and sediment load. The return period of the
discharge that created those indicators is assumed by the technician to be approximately
1.5 years. Then the cross-section dimensions are measured and are used for restoration
design for impaired reaches. It is not always clear that the chosen reference reach is
indeed in equilibrium; in fact, in the fragmented landscape of many watersheds, the
possibility of a reference reach may be in doubt. Does this mean that the types of stream
assessments done by stream restoration technicians are without value? Can the types of
data and data collection methods in common usage be organized and interpreted in the
light of sound ecological and fluvial geomorphologic principles?
The methods used for field data collection in this study are those commonly used
by Conservation District technicians, stream restoration engineers, state and local
governmental environmental protection agency personnel, and watershed association and
citizen stream monitoring volunteers. However, the methods used for data analysis, while
not new nor complex, are more often employed in academic research using extensive data
sets. This study attempts to combine sound physical ecological principles of stream
process with the level and types of data collection that are commonly used by stream
restoration and watershed planning decision-makers. The application sequence of the
methods is designed to collect and analyze data that will provide information about
system variables that must be addressed to make good stream restoration decisions.
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2. Study Site
The Gunpowder Falls River at the former Gunpowder Paper Mill Dam site drains
approximately 27.2 mi2 in the highly dissected, northern Baltimore and Carroll counties
in the Maryland Piedmont. When the dam was in place, the impoundment had a surface
area of 3.79 ha (0.015 mi2). The Gunpowder Paper Mill Dam was built in 1781, failed
catastrophically on May 31, 1889, and was rebuilt shortly thereafter. (Seitz, 1946, p. 50)
(Figure 2.1) The dam failed again in June 1932 and was not rebuilt. Dewatering took
place rapidly and a photograph taken in September 1932 (Figure 2.2) shows the former
impoundment sediments covered in "wildflowers". (Seitz, 1946, photo inscription)

Figure 2.1: Photo by May Seitz, date unknown. Crib construction Gunpowder Paper Mill
Dam. Valley is flooded to the base of the Rockdale Railroad embankment on the right.
The presence of the railroad and dam in the photo dates it between 1890, railroad
construction, and 1932, dam failure.
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Figure 2.2: Photo by May Seitz, September, 1932. Impoundment area several months
after the dam breach of May, 1932.
During the field study of the dam and impoundment site from November 2001 to
January 2002 and November 2002 to February 2003, three cross-sections, GPMA,
GPMB, and GPMC, were chosen as cross-sections that would have been directly affected
by the impounded water. Cross-sections GPMA and GPMB are located in the widest part
of the former impoundment. Cross-section GPMA was chosen because of its proximity to
the former dam site and lack of a modern floodplain, and because one streambank and
part of the streambed were controlled by bedrock, so changes to cross-section
morphology would be limited to one streambank. Cross-section GPMB was selected
because it was typical of much of the lower half of the former impoundment area on the
northern side and because there is a modern floodplain on the southern side. Crosssection GPMC was initially selected as a possible reference cross-section outside of the
impounded area. However, a land survey and historical maps placed this location in the
area impounded at least until 1889. GPMC is very near the upstream limit of the former
impoundment as shown in Figure 2.3.
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Figure 2.3: Map of the site of the former Gunpowder Paper Mill Dam and impoundment
with USGS contour lines. Surveyed transects of channel cross-sections, former dam
location, and land cover are shown.
Before trying to identify the discharge that is currently forming channel
morphology, it was necessary to determine what the actual channel morphology is at each
of the study cross-sections. The three channel cross-sections were surveyed using a total
laser station and an electronic distance measuring device. In addition, soil cores were
taken in the surface of the former impoundment sediments to measure the depth to
bedrock or saprolite to approximate the pre-dam surface topography. The survey
information was entered into an Microsoft Excel spreadsheet to plot cross-section
morphology and to calculate channel geometry (Mecklenburg, 1999, spreadsheet). The
channel cross-section geometry was analyzed to identify all significant breaks in
topography. Each break was used to calculate an associated channel discharge capacity
(CDC). Either seven or eight breaks were identified at each cross-section and were
labeled with letters A to H. CDCs were chosen from channel morphology indicators, such
as breaks in slope, limits of vegetation types, scour lines, and changes in materials. The
cross-sectional area for each CDC was calculated from a plot of the topographic survey.
Potential water surface width was measured and mean depth calculated from the area and
width. Station channel bed slope was calculated by measuring the stream length from the
station to the topographic divide on a USGS quadrangle map, determining the length of
stream between a point 10% distance above the station and 85% distance above the
station, determining the elevations at the 10% and 85% points, and dividing the elevation
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difference by the length of stream between the two points. (Carpenter,1983, p. 9) The
energy slope was assumed to be the same as the channel bed slope. To calculate velocity,
a series of calculations was made using Manning's equation (Gordan et al., 1992, p. 279)
as outlined in Appendix A.
Cross-Section GPMC
Cross-section GPMC's channel surface and bedrock topography, labeled CDCs,
railroad bed embankment, and the probable elevation of the former Gunpowder Paper
Mill Dam are shown in Figure 2.4 and the channel dimensions in Table 2.1. All
elevations are referenced to an arbitrary datum. The most obvious feature in Figure 2.4 is
that the dam elevation is lower than the streambed. There are several possible reasons for
this that would allow for channel impacts from the former impoundment. The first is that
the dam breast from which the survey was taken is lower than the dam was at some
previous time. The present dam ruins are flat on the top but also covered with vegetation
and it is not clear if the present surface was the original surface. Additionally, the dam
failed twice - once in 1889 and again and finally in 1932 -and was rebuilt. It is possible
that the rebuilt dam was not as high as the pre-1889 dam. No historical record on the dam
heights has been found. The railroad built in 1890 is very close to the former
impoundment bank and the dam may have been rebuilt to a lower elevation in
anticipation of railroad construction. However, a USGS topographic map from 1910 and
a Maryland Board of Forestry map from 1914 show the impoundment water surface
reaching to the rapids just upstream from GPMC. Additionally, aerial photography from
1980 (Real Estate Data, Inc., 1982, photogrammetry) clearly shows the outline of the
former impoundment ending just upstream from cross-section GPMC. Regardless of
whether or not the dam was rebuilt at a lower elevation after the 1889 failure, the water
surface elevation at the upstream end of the impoundment would have been higher due to
the piling up of water in a hydraulic jump as the fast river water hit the slow
impoundment water. The hydraulic jump may have been higher due to the steep river bed
slope and the geologically confined nature of the valley. The energy loss at the hydraulic
jump would have reduced the flow's ability to transport sediment and it would have been
deposited locally. (Gordan et al., 1992, pp. 284-285) Another possible explanation may
be a surveying inaccuracy. Cross-section GPMC was shot independently from the other
cross-sections due to the obstruction of line of sight and difficult terrain. Both ends of the
transect were located using a global positioning system with a horizontal error of 8
meters and the coordinates were plotted on a digital USGS topographic map. However,
because there was no USGS or other benchmark in the area, the elevations for the crosssection survey plot and the dam were estimated from the topographic map.
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GPMC Channel Cross-Section Surface and Bedrock Topography with
Channel Discharge Capacities (CDCs)
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Figure 2.4: Topography of GPMC from land survey and bedrock topography from soil
cores. CDCs are labeled A-H. Flow is towards the reader.
CDC
A
B
C
D
E
F
G
H

Crosssection
area
(m2)
36.46
31.22
14.11
2.09
6.04
15.79
39.72
47.38

Mean
depth
(m)

Surface
width
(m)

Manning's
n

Slope
%

Hydraulic
radius
(m)

Velocity
(m/s)

Discharge
(m3/s)

Width/
depth
ratio

1.77
1.58
0.77
0.17
0.44
0.86
1.80
1.41

20.57
19.81
18.29
12.57
13.72
18.29
22.10
33.53

0.0561
0.0578
0.0747
0.9747
0.1039
0.0711
0.0559
0.0602

0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70

1.51
1.36
0.71
0.16
0.41
0.79
1.55
1.30

1.97
1.78
0.89
0.03
0.45
1.01
2.00
1.66

71.68
55.42
12.60
.05
2.70
15.88
79.39
78.52

11.61
12.54
23.71
75.62
31.15
21.18
12.30
23.73

Table 2.1: Channel cross-section GPMC dimensions.
Cross-Section GPMB
Cross-section GPMB's channel surface and bedrock topography, labeled CDCs,
railroad bed embankment, forest road, the probable elevation of the former Gunpowder
Paper Mill Dam, and the present elevation of the dam breach are shown in Figure 2.5 and
in detail in Figure 2.6 and channel dimensions in Table 2.2.
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GPMB Channel Cross-Section Surface and Bedrock Topography
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Figure 2.5: Topography of GPMB from land survey and bedrock topography from soil
cores. Flow is towards the reader.
GPMB Channel Cross-Section Surface and Bedrock Topography with Channel
Discharge Capacities (CDCs) - detail
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Figure 2.6: Detail of topography of GPMB from land survey and bedrock topography
from soil cores. CDCs are labeled A-H. Flow is towards the reader.
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Crosssection
area
(m2)
117.06
54.58
29.38
14.40
8.07
2.32
5.11
113.81

CDC
A
B
C
D
E
F
G
H

Mean
depth
(m)

Surface
width
(m)

Manning's
n

Slope
%

Hydraulic
radius
(m)

Velocity
(m/s)

Discharge
(m3/s)

Width/
depth
ratio

3.45
2.17
1.31
0.86
0.56
0.18
0.35
3.39

33.91
25.15
22.48
16.76
14.48
12.95
14.48
33.53

0.0341
0.0354
0.0375
0.0398
0.0432
0.0625
0.0484
0.0342

0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60

2.87
1.85
0.78
0.78
0.52
0.17
0.34
2.82

4.59
3.31
2.30
1.65
1.16
0.39
0.78
4.53

536.96
180.41
67.54
23.79
9.35
0.90
3.96
515.97

9.82
11.59
17.20
19.52
25.99
72.25
41.02
9.88

Table 2.2: Channel cross-section GPMB dimensions.
Cross-Section GPMA
Cross-section GPMA channel surface and bedrock topography, labeled CDCs,
forest road, the probable elevation of the former Gunpowder Paper Mill Dam, and the
present elevation of the dam breach are shown in Figure 2.7 and channel dimensions in
Table 2.3. There is a remnant dam footer still in the bottom of the breach that controls
bed grade at this cross-section.
GPMA Channel Cross-Section Surface and Bedrock Topography
with Channel Discharge Capacities (CDCs)
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Figure 2.7: Topography of GPMA from land survey and bedrock topography from soil
cores. CDCs are labeled A-G. Flow is towards the reader.
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CDC
A
B
C
D
E
F
G

Crosssection
area
(m2)
88.72
44.13
44.13
17.19
12.54
3.72
146.32

Mean
depth
(m)

Surface
width
(m)

Manning's
n

Slope
%

Hydraulic
radius
(m)

Velocity
(m/s)

Discharge
(m3/s)

Width/
depth
ratio

2.08
1.48
1.81
0.87
0.82
0.27
2.91

42.67
29.72
24.38
19.81
15.24
13.72
50.29

0.0315
0.0322
0.0316
0.0338
0.0339
0.0411
0.0310

0.69
0.69
0.69
0.69
0.69
0.69
0.69

1.89
1.35
1.58
0.80
0.74
0.26
2.61

4.03
3.15
3.56
2.11
2.01
0.83
5.08

357.64
139.04
157.28
36.31
25.20
3.07
743.12

20.52
20.01
13.47
22.84
18.52
50.62
17.29

Table 2.3: Channel cross-section GPMA dimensions.
3. Methods
3.1. Stream Flow Data
To determine available stream flow, it is necessary to know what flows have
occurred historically and to identify historic patterns of flow. A real-time USGS stream
gauge was installed on the Gunpowder Falls River at Hoffmanville in 2000 at the exact
location of the former Gunpowder Paper Mill Dam. Therefore, the comprehensive flow
record for the Gunpowder at Hoffmanville is very short - only 29 months from May 1,
2000 to September 30, 2002. However, there are much longer records available for the
three local streams, Western Run, Little Falls at Blue Mount, and Little Gunpowder Falls
at Laurel Brook, from which a synthetic flow record was developed. Drainage area
characteristics considered in choosing appropriate stream flow records were those of size,
land cover and land use, geology, and topography, which indicate hydrologic similarity
between the three watersheds and the Gunpowder at Hoffmanville. Using flow data from
on-line USGS stream gauge records (USGS, NWIS, 2003, webpage) and the drainage
area ratio method (Equation 3.1) (Maidment, 1993, p. 8.54; Gordan et al., 1992, p. 382;
Kjelstrom, 1998, p. 9) for estimating flow for ungauged sites, the mean daily discharges
for three local streams, chosen for their long record, were normalized by drainage area to
obtain the discharge per square mile of drainage area. The mean daily discharge record,
as opposed to the annual mean, monthly mean or maximum peak annual flow records for
the same time period, was chosen because it provided the most data points in common
with the 29-month Hoffmanville record. The annual and monthly means are calculated
from the daily record and all peak flows are averaged into the associated mean daily
flows.
Q1 = Q2 (A1/A2)

Equation 3.1

Where:
Q1 = estimated daily flow for ungauged stream (m3/s)
Q2 = mean daily flow for gauged stream (m3/s)
A1 = drainage area of ungauged stream (mi2)
A2 = drainage area of gauged stream (mi2)
The short Hoffmanville record was then correlated with flow records from the
same period for the three individual streams and the average record. (Table 3.1) The
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record with the highest correlation was then multiplied by the drainage area for the
Gunpowder watershed to produce a long synthetic record of almost 75 years.
Watersheds

Correlation coefficient for mean
daily flow
Western Run
0.83
Little Falls at Blue Mount
0.83
Little Gunpowder at Laurel Brook
0.76
Three Streams (average)
0.84
Table 3.1: Mean daily flow correlation coefficients for the Gunpowder at Hoffmanville
for May 2000 through September 2002 and four other flow records for the same time
period.
Little Falls at Blue Mount has the best individual stream correlation (r=0.83) with
the short record for the Gunpowder at Hoffmanville. However, when the average short
record flow for all three nearby streams was correlated against Hoffmanville, the
correlation coefficient improved slightly (r=0.84). As a result, it was decided that the
average record would be the most similar to a long Hoffmanville record, if it existed.
However, as mean daily flow does not show the magnitude of the maximum annual peak
flow, it was necessary to develop a synthetic Hoffmanville maximum annual peak flow
record from the same three watersheds to predict peak flow return periods.
Because peak flows are usually used in design engineering to determine
maximum channel discharge capacity and flow return period, the maximum annual peak
flow record was considered for its potential to statistically determine channel forming
flow. The utility of this record assumes that this maximum annual peak flow record,
rather than the mean daily flow record, best represents the flows that perform the most
work in the development of channel morphology. If this is so, then channel
characteristics, such as bank height, floodplain and terrace elevation, channel width-todepth ratio, substrate size distribution, and riparian vegetation distribution should reflect
the maximum peak annual flows. It is also important to examine the channel's capacity to
carry the largest of flows and mean daily records only partially reveal these peak flows.
Unfortunately, there are only three maximum annual peak data points for the
Hoffmanville gauge and one of these is for a year of significant drought. This is an
insufficient number of data points for performing correlations with maximum annual
peak flow records from other local streams. So, under the assumption that the averaged,
mean daily record of the three streams represents the highest hydrologic similarity with
the Gunpowder at Hoffmanville as determined by the correlation of the mean daily flow
records, the same drainage area ratio method was used on the peak flow records to
synthesize a long maximum annual peak flow record for the Gunpowder at Hoffmanville.
However, the annual peak flow was not always associated with the same storm in all
three watersheds due to the localized nature of some rainfall events in the mid-Atlantic
Piedmont. Therefore, only records from the same storm were used in creating the
synthetic record. In some cases, this included all three watersheds, sometimes only two
watersheds, and, if the peak flow took place during a different event in all three
watersheds, the peak flow record from the Little Falls at Blue Mount was used because of
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the higher hydrologic similarities to the Gunpowder at Hoffmanville. The three-year peak
flow Hoffmanville record was appended to the synthetic record.
To support the underlying assumption that the hydrologic characteristics resulting
in the peak flows have not changed with time (Haan et al., 1994, p. 6), each peak flow
record was analyzed for any trends in flow increase or decrease over time indicative of
any possible land cover changes. A Kendall's Tau correlation coefficient (τ) and test Zstatistic were calculated (Maidment, 1993, pp. 17.28-29) for the entire stream record, the
period from 1927-1969, the period from 1970 to 2002, and for each decade of the record
to determine if there were decreasing or increasing trends in discharge over time.
(Doheny and Dillow, 2002, p. 4) (Table 3.2)
KENDALL'S TAU TIME TREND ANALYSIS
τ (Z-statistic at α = 0.05)
Time
Little
Little Falls at
Western Run
Synthetic Record
Period
Gunpowder
Blue Mount
for Gunpowder at
Hoffmanville
0.000 (0.007)
0.001 (0.013)
-0.001 (-0.004)
1927-2003 -0.003 (-0.024)
0.003 (0.044)
-0.007 (-0.023)
-0.002 (-0.011)
1927-1969 -0.009 (-0.073)
0.006 (0.070)
0.002 (0.031)
0.006 (0.062)
0.002 (0.031)
1970-2003
No data
No data
-0.026 (-0.061)
1927-1939 -0.026 (-0.061)
0.000 (n<10)
0.000 (n<10)
0.000 (0.089)
1940-1949 -0.089 (-0.268)
0.044 (0.268)
0.000 (0.089)
0.044 (0.268)
1950-1959 -0.044 (-0.089)
0.000 (0.089)
-0.044 (-0.089)
-0.044 (-0.089)
-0.044 (-0.089)
1960-1969
0.000 (0.089)
-0.044 (-0.089)
-0.044 (-0.089)
1970-1979 -0.044 (-0.089)
0.100 (n<10)
-0.044 (-0.089)
0.000 (0.089)
0.044 (0.268)
1980-1989
0.500 (n<10)
0.038 (0.244)
0.064 (0.366)
0.038 (0.244)
1990-2003
Table 3.2: Kendall's Tau correlation coefficients (τ) and Z-statistics for the three local
streams and the synthetic record for the Gunpowder at Hoffmanville. The null hypothesis
was rejected if |Z| > 1.96 at significance level α = 0.05. Numbers in bold type indicate a
possible rime trend.
The Kendall's Tau correlation coefficient is rank-based and well-suited for data
sets that show significant skewness and extreme values, such as stream discharge.
(Maidment, 1993, p. 17.28) The test Z-statistic does not exceed 1.96 in any of the cases.
The only indicator of possible watershed characteristic change is an increase in flow over
time on the Little Gunpowder during the periods from 1980-1989 and 1990-2003. Even
though the Little Gunpowder record for these two periods only includes a total of nine
data points, they were removed from the data set and the synthetic maximum annual peak
flow record for Hoffmanville was calculated from the Little Falls and Western Run
records only for the period from 1980-2003.
The 1.01, 2, 5, 10, 25, 50, and 100- year return period peak flows were chosen for
analysis of the impact of all flows on channel morphology. To determine these flows, a
log-Pearson Type III distribution was calculated for the synthetic record. (Haan et al.,
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1994, p. 17; Interagency Advisory Committee on Water Data, 1981, p. 9) The process
used for calculating the log-Pearson Type III distribution is detailed in Appendix B.
To make sure that the log-Pearson Type III distribution was appropriate for the
data, a Kolmogorov-Smirnov Test was performed to test goodness of fit. The
Kolmogorov-Smirnov Test is non-parametric and distribution free and tests two datasets
for significant differences. Unlike the t-test, it is useful for non-normal data with small
sample sizes. (CSBSJU Physics Department, 2003, webpage) Suspected outliers are those
1.5 times the interquartile range (likely range of variation above the third quartile or
below the first quartile) and were not included in the test. The test compares the synthetic
maximum annual peak flow record with the record produced by the log-Pearson Type III
distribution. The resulting KS statistic, as a fraction (D), is a measure of the maximum
vertical distance between the two data curves, which is then compared to a KolmogorovSmirnov threshold at a particular confidence level (α) for a specific sample size (n). The
KS threshold for α = 1% was calculated using:
KS threshold = 1.63/√n
Where: n = sample size
(Bedient and Huber, 1992, p. 214)

Equation 3.2

The entire data set and the two half data sets were tested with results presented in Table
3.3. In all three cases, the D statistic is well below the KS threshold for the sample size.
DATA
SAMPLE SIZE (n) KS THRESHOLD Probability
D
PERIOD
(outliers removed)
1927-2003
75
0.188
0.995
0.0930
1927-1969
43
0.249
0.989
0.1395
1970-2003
33
0.284
0.698
0.1695
Table 3.3: Results of the Kolmogorov-Smirnov Test for goodness of fit at α = 1% for the
synthetic maximum annual peak flow data for the Gunpowder at Hoffmanville.
It was decided to use the return period flows predicted by the entire record rather
than by either half record because the prediction of large return period flows was needed.
As a longer record is more apt to represent the actual population than is a shorter one
(Gordan et al., 1992, p. 353) and return period estimates greater than twice the actual
record period may lead to decreased reliability (Carpenter, 1983, p. 13), the 76-year
synthetic record was used to calculate the return period flows at the gauge/former dam
site.
Because the return periods predicted by the log-Pearson Type III distribution were
analyzed using regression equations for discharge and channel dimensions developed for
the Maryland Piedmont (discussed in Section3.2.1.), a comparison was made between the
1.5-year return period flow predicted from the synthetic Hoffmanville record with the
1.5-year return period flow predicted by a power function (Equation 3.3) developed using
flow data and the same log-Pearson Type III distribution method for 23 gauged sites in
the Maryland Piedmont.
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Q1.5 = 78.33 DA0.78, R2 = 0.94

Equation 3.3

Where:
Q1.5 = discharge with 1.5-year return period (ft3/s)
DA = drainage area (mi2)
(McCandless and Everett, 2002, p. 24)
3.2. Determining Dominant Channel-Forming Discharge
One of the indicators of alluvial channel morphology equilibrium is the ability to
change shape while neither aggrading nor degrading the streambed. (Copeland et al.,
2000, p. ) The dominant discharge (Qdom) is the flow that controls channel form because
it is equivalent in its effects to that of all the varying flows experienced over a period of
time. (Doyle et al., 1999, p. ) In other words, the channel forming discharge and the
dominant discharge are equivalent and are the theoretical and indefinitely maintained
discharges that would result in the same channel morphology as the existing channel that
is subject to a natural range of flow events. (Biedenharn et al., 2000, p. iii) There are
three methodologies for estimating Qdom. These are the determination of the bankfull
discharge (Qbkf), the return interval/period discharge (Qri), and the effective discharge
(Qeff). (Doyle et al., 1999, p. ; Biedenharn et al., 2000, p. iii)
Bankfull discharge (Qbkf) is particularly useful for identifying the flow
responsible for channel morphology in a stable stream. However, in the case of the
former impoundment above the breached Gunpowder Paper Mill Dam it is not obvious
whether or not the channel morphology is stable. Discharge of a certain return period
(Qri) is particularly useful for identifying the flow that occurs frequently enough so that
recovery of channel geometry from changes inflicted by that flow may not be possible
before the flow recurs. (Ritter et al., 1995, p. 205) Channels with unstable geometries
may be able to handle larger return period flows than a stable stream or alternately may
over-respond dimensionally to very short return period flows. Studies of dams that were
removed six years ago revealed bankfull discharges with return periods of less than two
years to 31 years, while two channels above dams that were removed 40 years ago had
bankfull discharges with return periods of six and 15 years. (Doyle et al., 2000, p. )
Effective discharge (Qeff) may be the channel-forming flow at any given time.
However, in an unstable channel, the Qeff may vary over time as geomorphologic
thresholds are crossed and channel geometry changes suddenly. Therefore, the existing
channel morphology may not reflect the actual Qeff, either because it has not yet reached
a threshold or because it has just passed a threshold. In this paper, only the bedload
sediment transport rate is analyzed because field observation indicated that suspended
sediment transport is very low and the streambank materials are highly cohesive,
particularly in comparison to those of the streambed. Bedload is defined to include all
sediment derived from the streambed, whether transported as bedload, wash load or
suspended load. (Haan et al., 1994, p. 229) In other streams the sediment load from all
sources may need to be considered to determine Qeff. All three of these channel-forming
flow types have been analyzed for relationships to existing channel discharge capacities
(CDCs) at the three channel cross-sections.
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3.2.1. Bankfull Discharge (Qbkf)
Bankfull discharge (Qbkf) is the method most popularly used by stream
restoration designers for determining channel-forming flow. (Rosgen, 1996, p. -2) It is
determined by identifying the elevation (stage) at which the stream channel is filled but
streambanks are not overtopped and then determining the discharge associated with that
stage. (Copeland et al., 2000, p. ) Generally, this is determined by locating one or more of
the following indicators in the channel cross-sectional profile. (Gordan et al., 1992, pp.
06-7; Copeland et al., 2000, p. )
1. Height of the active floodplain surface.
2. Maximum break in bank slope ("bench index").
3. Minimum width-to-depth ratio.
4. Height of gravel bars or channel bars.
5. Limit of grasses, mosses, liverworts, and forbs.
6. Line of change between herbaceous and woody vegetation.
7. Limit of perennial vegetation.
8. Limit of plant species tolerant of abrasion.
9. Limit of lichens.
10. Limit of hydrophilic plant species.
For indicators one through four, numerous assumptions must be made if it is to be
concluded that the indicator actually reveals a channel forming flow. These assumptions
include: (Doyle et al., 1999, p. ; Copeland et al., 2000, p. )
1. The channel and floodplain are unconfined (by geologic or manmade structures).
2. The channel is completely adjusted to watershed hydrologic and geomorphic
conditions.
3. Hydrologic and geomorphic watershed conditions are not anthropogenically affected.
4. Channel morphologic indicators have existed over a long period of time and are not
temporary indicators of aggradation.
In the case of the former Gunpowder Paper Mill Dam impoundment cross-sections, these
assumptions may not hold true. In the case of assumption one, the channel is confined on
river left at GPMA and just upstream of GPMB on river right. Bedrock may also be
controlling parts of the streambed. Assumptions two and three have been considered
elsewhere. (Slawson, 2004c) Assumption four has been clarified by woody vegetation
evidence, which suggests that some morphologic indicators have existed over a long
period of time while others are unstable. (Slawson 2004c) The floodplains at GPMC and
GPMB appear to have been in place for several decades and steep unvegetated
streambanks at these cross-sections appear to be unstable.
Bankfull discharge is frequently assumed to have a return period of about 1.5
years. However, return periods can range significantly. (Copeland et al., 2000, p. 2)
Incised or human-modified channels are probably examples of channels that can hold
much larger return period floods without experiencing overbank events. In these cases,
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indicators five through eight may be more useful in identifying the stage for flows with
return periods between 1 and 2.5 years. (Gordan et al., 1992, p. 07)
Bankfull discharge is often associated with cross-section channel dimensional
relationships taking the form of power functions (y = aQbkfb), where exponents show the
rate of increase of a dimension (y) with bankfull discharge (Qbkf). Based on continuity,
discharge is the product of channel width, mean depth, and flow velocity and the sum of
the exponents relating these dimensions to discharge equals one as does the product of
the coefficients. (Leopold et al., 1992, p. 215-7)
Stream restoration and assessment technicians often use reference cross-section
dimensions and discharge for comparison with cross-section dimensions and discharge at
impaired sites, both to determine the magnitude of impairment and sometimes to design
engineered solutions. Accordingly, the cross-section dimensions in the study area were
compared to reference dimensions and discharge. For lack of reference cross-sections
near the study area, reference information collected by other workers was used. Work
has been done in the Maryland Piedmont examining the relationships between bankfull
discharge and drainage area, between channel dimensions and drainage area, and between
channel dimensions and bankfull discharge. (McCandless and Everett, 2002) Bankfull
discharge can be calculated from drainage area using the following regression equation
that was developed for the Maryland Piedmont.
Qbkf = 84.56DA0.76

Equation 3.4

Where:
Qbkf = bankfull discharge (ft3/s)
DA = drainage area (mi2)
(McCandless and Everett, 2002, p. 19)
The dimensions of the channel discharge capacities (CDCs) for the impoundment
cross-sections GPMC, GPMB, and GPMA were compared with the bankfull dimensions
predicted with regression equations to assess whether the dimensions might represent an
equilibrated morphology. Developed from 23 gauged sites in the Maryland Piedmont, the
equations for cross-section dimensions are:
A = 17.42DA0.73, R2=0.95
w = 14.78DA0.39, R2=0.83
d = 1.18DA0.34, R2=0.86
(McCandless and Everett, 2002, p. 27).

Equations 3.5-7

Where:
A = cross-sectional area (ft2)
w = cross-sectional surface width (ft)
d = cross-sectional mean depth (ft)
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Bankfull channel dimensions were also predicted using the regression equations
developed for the Maryland Piedmont relating dimensions to Qbkf. (McCandless and
Everett, 2002) Because bankfull flow indicators were very confusing in the former
Gunpowder Dam impoundment, the actual flow stage for each CDC was used to predict
bankfull channel dimensions as set forth below.
A = 0.28Qbkf0.94, R2=0.97
w = 1.16Qbkf0.52, R2=0.92
d = 0.19Qbkf0.42, R2=0.83

Equations 3.8-10

Where:
A = cross-sectional area (ft2)
w = cross-sectional surface width (ft)
d = cross-sectional mean depth (ft)
(McCandless and Everett, 2002, p. 7)
Channel dimension results were converted to metric units, while drainage area was left in
the English unit system.
3.2.2. Return Interval/Period Discharges
Bankfull discharge indicators are often used with return interval calculations, in
part because the bankfull discharge in stable streams has been demonstrated to have a
fairly consistent return period. To predict the return period for each CDC, return period
flows for each cross-section were plotted and regression curves fitted. The resulting
equations, listed below, predict the return periods of the flows that fill the channel to a
particular CDC stage.
GPMA: A,G
GPMA: B,C
GPMA: D,E,F
GPMB: A,B,H
GPMB: C,D,E,F,G
GPMC: A,B,G,H
GPMC: C,D,E,F

RI = e (Q+124.75)/83.244,
RI = e (Q+59.035)/66.398,
RI = e (Q-10.762)/37.909,
RI = e (Q+126.48)/83.532,
RI = e (Q-10.762)/37.909,
RI = e (Q+21.78)/53.801,
RI = e (Q-10.186)/37.757,

R2=0.9921
R2=0.9899
R2=0.9989
R2=0.9921
R2=0.9989
R2=0.9919
R2=0.9983

Equations 3.11-17

Where:
RI = return period (yrs)
Q = discharge, flow (m3/s)
A-H = channel discharge capacities (CDCs)
Due to the incised nature of the channel, it was not clear if all the CDCs were the
products of fluvial processes. Incised channels can often hold higher return period
discharges than unincised channels can, so a large return period event for a CDC stage
did not preclude it from being maintained by a recurring discharge. Channel width to
depth ratio increases downstream with discharge (Gordan et al., 1992, p. 307), but width
does not increase proportionally to depth with discharge at-a-station (Leopold, 1994, p.
74). Therefore, there should be decrease of width-to-depth ratio with discharge at-a-
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station for the cross-section landforms that are maintained by fluvial process. If a CDC is
maintained by some other process than fluvial, then width-to-depth ratio may increase
proportionally to potential discharge that would fill the cross-section profile to the CDC
stage. To determine this, discharge for each CDC was normalized by return period and
plotted logarithmically against width-to-depth ratio. If the coefficient of determination
was low, questionable CDCs with large return periods and high elevations were removed
and the remaining CDCs replotted. When the coefficient of determination was high, all
the plotted CDCs were considered to be maintained by fluvial processes.
3.2.3. Effective Discharge
Effective discharge is determined from the peak of the curve of the product of the
bedload transport rate and the discharge frequency. (Wolman and Miller, 1960; Andrews
and Nankervis, 1995, p. 152) The effective discharge is the discharge that transports the
majority of the mean annual bedload over a period of years (Doyle et al., 1999, p. ) and it
is this discharge that constructs and maintains channel morphology. (Andrews and
Nankervis, 1995, p. 157) The Qeff provides the most information about interactions
between channel dynamics and watershed hydrology. (Doyle et al., 1999, p. 11) For the
three Gunpowder cross-sections, effective discharge (Qeff) was determined by
calculating the bedload for CDC discharges and multiplying by discharge frequency, as
determined from a histogram of the synthetic flow record. (Slawson, 2004b)
4. Results and Discussion
4.1. Synthetic Flow Records for the Gunpowder Paper Mill Dam Impoundment
Study Site
The method outlined in Section 3 uses historical and modern flow records from
neighboring gauged watersheds and modern flow records for the Gunpowder at
Hoffmanville to create a synthetic historical flow record for the Gunpowder Paper Mill
Dam site and for the three study cross-sections in the former dam impoundment. The
synthetic record was statistically analyzed to predict return periods for several flows of
interest. The return period flows at the dam site are presented in Table 4.1.
RETURN PERIOD (yrs)
FLOW (m3/s)
1.01
10.53
1.5
25.84*
2
37.97
5
69.91
10
99.49
25
148.75
50
195.77
100
253.12
200
322.82
*The 1.5 return period flow was calculated using the regression equation developed from
the log-Pearson Type III predicted return period flows.
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Table 4.1: Maximum annual peak flows of various return periods for the Gunpowder at
Hoffmanville at the former dam site. A 76-year synthetic flow record was used to predict
return periods.
Histograms of the frequency and cumulative percent for flows in each return
period for the whole record and the two half records are presented in Table 4.2. While the
Kendall's Tau statistic does not reveal any time dependent change in flows, the
histograms show that more large return period peak flows occurred in the early half of the
record than in the later half. This decrease in peak flow may be indicative of changes in
watershed land cover. (Slawson, 2004c)
1927-2002
RETURN
PERIOD
(yrs)
1.01
2
5
10
25
50
100
200

PEAK FLOW
FREQUENCY
HISTOGRAM
2
35
26
4
5
3
0
1

1927-1969

CUMULATIVE
%
2.63%
48.68%
82.89%
88.16%
94.74%
98.68%
98.68%
100.00%

PEAK FLOW
FREQUENCY
HISTOGRAM
0
15
18
4
3
3
0
0

CUMULATIVE
%
.00%
34.88%
76.74%
86.05%
93.02%
100.00%
100.00%
100.00%

1970-2002
PEAK FLOW
FREQUENCY
HISTOGRAM
2
20
8
0
2
0
0
1

CUMULATIVE
%
6.06%
66.67%
90.91%
90.91%
96.97%
96.97%
96.97%
100.00%

Table 4.2: Return period frequency histograms and cumulative percents for the entire
synthetic record and for the two half records at the former Gunpowder Paper Mill Dam
site.
The return period flows for the dam site were divided by the watershed area to
determine a discharge per square mile of drainage area. The result was then multiplied by
the drainage area for the three study channel cross-sections to create cross-section
specific return period flows, which are presented in Table 4.3.
Return Period Flows for Cross-Sections (cms)
GPMC
GPMB
GPMA

RETURN
PERIOD (yrs)
1.01
10.39
10.50
10.51
1.5
25.49*
25.77*
25.80*
2
37.45
37.86
37.90
5
68.96
69.71
69.78
10
98.14
99.20
99.31
25
146.72
148.31
148.47
50
193.11
195.20
195.41
100
249.68
252.38
252.66
200
318.42
321.87
322.22
*The 1.5 return period flows were calculated using the regression equation developed
from the log-Pearson Type III predicted return period flows.
Table 4.3: Flows of various return periods for the three study channel cross-sections.
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When the 1.5-year discharge from the Hoffmanville synthetic flow is compared
with the 1.5-year discharge for 23 gauged sites in the Maryland Piedmont, the synthetic
1.5-year discharge is quite close but slightly smaller as is shown in Table 4.4. This
suggests that distribution method used on the synthetic flow record predicted comparable
results to those produced from the 23 gauged site records, but that the Gunpowder
watershed has better runoff retention capability, probably due to a smaller impervious
surface area (Slawson, 2004c).
CrossSynthetic Record 1.5-year Maryland Piedmont Q1.5
Percent
section
Discharge (m3/s)
Predicted for DA (m3/s)
Difference %
25.49
28.84
-11.63
GPMC
25.77
29.09
-11.40
GPMB
25.80
29.11
-11.38
GPMA
Table 4.4: Percent difference between the log-Pearson Type III distribution predicted 1.5year return period flow from the synthetic record and that predicted for the Maryland
Piedmont using the same prediction method.
Ideally, the actual flow record for a site is preferable to a synthetic record.
However, the density of gauges in headwater streams is very low and it is usually
necessary to create a synthetic record. The method used to do so is in common usage. Its
validity in this case is tested by comparison with the 1.5-year discharge calculated for 23
sites in the Maryland Piedmont, which show the predicted 1.5-year return period flow as
being an average 11.5% less than that for the Maryland Piedmont. The percent difference
may be due to the low percent of impervious land cover in the watersheds that
contributed their records to the synthetic record. Additionally, two decades of data from
the Little Gunpowder at Laurel were removed because of a suspected increase in
development. Both of these factors may account for the smaller flows. Eleven of the
Maryland Piedmont watersheds studies had impervious surface areas greater than 6% and
none of the Maryland data sets appears to have been analyzed for flow changes over time.
(McCandless and Everett, 2002, p. 9). Land cover classification of the Gunpowder to
Hoffmanville watershed indicated that only 3.5% of the watershed was developed as of
1998. (Carlson, 2002)
The choice between using maximum annual peak flows or mean daily flows for
determining a synthetic flow record presents a problem for analyzing channel recovery.
In this case, peak flows were used to determine return period flows. The peak flow return
periods are useful for determining maximum flow in the channel, which may be
responsible for the coarser channel geometry. However, because they are instantaneous
flows, the duration of the flow cannot be taken into account where hydrographs are not
available and, therefore, the amount of work done by the flow cannot be known. To
determine the work done as represented by bedload transport and the associated effective
discharge, both peak annual and mean daily flows were analyzed. While mean daily flow
obscures high and low flows through statistical averaging, it does provide a useful time
element. At the finer level of channel morphology, such as streambed substrate
maintenance, the average duration of flow over some unit of time may be more useful.
Since the Gunpowder watershed above Hoffmanville is well vegetated, stormwater flow
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is not particularly flashy and stream discharge response to precipitation events is apt to
happen on the time scale of 24 hours or more rather than one or a few hours, making
mean daily flows more representative than peak flow records might be. The watershed
infiltrates, intercepts, and stores precipitation produced by even very short, intense
storms. Conversely, the meteorological patterns in the watershed tend towards short
precipitation events in which most of the precipitation occurs in less than 24 hours rather
than over many days, making mean daily flows more representative than weekly or
monthly records would be. However, peak annual flows may move considerable material
and if the return period is small may be the channel-forming flow.
4.2. Determination of Dominant Discharge
Three methods for determining dominant or channel-forming flow (Qdom) were
analyzed. The effectiveness of identifying Qdom with bankfull discharge (Qbkf) or with
a return period discharge (Qri) for the Gunpowder Paper Mill Dam study site is discussed
in the following sections. This was done by comparing the study site characteristic values
to reference values predicted using regression equations developed from 23 gauged sites
in the Maryland Piedmont. (McCandless and Everett, 2002)
4.2.1 Bankfull Discharge (Qbkf)
Bankfull indicators were confusing at all three cross-sections. At GPMC, CDC-B
was the bankfull stage on river right, while bankfull stage on river left might have been
either CDC-E or CDC-G depending on the indicators chosen. At GPMB, CDC-H was the
bankfull stage on river left, while either CDC-E or CDC-D might be the bankfull stage on
river right. At GPMA, CDC-G is the bankfull stage on river left, while CDC-E is the
bankfull stage on river left.
Bankfull Discharge by Drainage Area
Using the regression equations for the Maryland Piedmont (McCandless and
Everett, 2002), the following bankfull discharges were predicted by drainage area at the
former Gunpowder Paper Mill Dam impoundment cross-sections and are shown in Table
4.5.
Predicted Bankfull Discharge based on Drainage Area
Drainage Area (mi2)
Predicted Qbkf (m3/s)
26.81
29.16
GPMC
27.1
29.39
GPMB
27.13
29.42
GPMA
Table 4.5: Cross-section bankfull discharges predicted from drainage area using
Maryland Piedmont regression equations.
The discharge capacities for each CDC stage for the three cross-sections were
compared to the appropriate predicted bankfull discharge to see if there was a CDC in
each cross-section that could hold a flow comparable to the predicted bankfull discharge.
The percent difference between the CDC and the predicted bankfull discharge is shown
in Table 4.6. Plus and minus the first quartile was chosen as the limit for considering the
possibility that a CDC might be related to a channel-forming flow.
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Percent Difference Between Study Site & Predicted Cross-Section Bankfull
Discharge Based on Drainage Area
CDC
GPMC (%)
GPMB (%)
GPMA (%)
145.86
1726.72
1115.66
A
90.09
513.75
372.61
B
-56.78
129.77
434.61
C
-99.83
23.42
D
-19.07
-90.74
-68.19
E
-14.34
-96.94
-89.56
F
-45.53
172.30
-86.53
2425.95
G
169.32
1655.32
1653.84
H
Table 4.6: Percent difference between the channel discharge capacity and the predicted
cross-section bankfull discharge based on drainage area. Negative percents indicate that
the CDC was less than the predicted bankfull discharge. Bold numbers indicate percents
that are closest to predictions.
At the former impoundment cross-sections bankfull indicators were obscure. It
appeared that bankfull morphology occurred at the lowest CDC from the evidence of
possible floodplains and persistent and occasionally perennial vegetation. However, the
presence of steep, unvegetated banks topped with flat areas with little perennial
vegetation suggested that a higher elevation CDC might be consistent with bankfull
morphology.
Comparison between the study site bankfull discharges and those of the Maryland
Piedmont based on drainage area revealed a difference less than one quartile for two
cross-sections and greater than one quartile at the third. At GPMC, CDC-F is closest to
the predicted bankfull flow but is considerably smaller; it is unlikely that any of the
GPMC CDCs are related to a channel-forming flow as predicted by the Maryland
Piedmont regression equations. Assuming that these regression equations represent an
equilibrated state (McCandless and Everett, 2002, pp. 4-5), GPMC channel morphology
is not indicative of the channel-forming discharge based on drainage area. CDC-D at
cross-section GPMB is only 19% smaller than the predicted bankfull flow and may
potentially reflect channel-forming discharge based on drainage area. CDC-E at crosssection GPMA is only 14% smaller than predicted bankfull flow and may also represent
channel-forming discharge based on drainage area for this cross-section. From this
method of determining cross-section channel forming flow, it is impossible to definitively
declare a particular CDC to be the result of a channel-forming flow, but CDC-D at
GPMB and CDC-E at GPMA are possibilities.
Bankfull Channel Dimensions by Drainage Area
For each cross-section, bankfull channel dimensions predicted by drainage area
are shown in Table 4.7. The channel dimensions predicted from the Maryland Piedmont
regression equations are compared with the measured channel dimensions and the percent
differences are shown in Table 4.8. The first plus and minus quartile was chosen as the
limit for further consideration of a relationship of a CDC with channel-forming flow.
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Predicted Bankfull Channel Dimensions Based on Drainage Area
cross-section
cross-section
width (m)
mean depth
area (m2)
(m)
17.85
16.25
1.10
GPMC
DA=26.81 mi2
18.0
16.31
1.10
GPMB
2
DA=27.1 mi
18.01
16.32
1.11
GPMA
2
DA=27.13 mi
Table 4.7: Bankfull channel dimensions for three cross-sections using Maryland
Piedmont regression equations relating channel dimensions to drainage area.
Percent Difference Between CDC & Cross-Section Bankfull Dimensions Predicted
by Drainage Area
CDC
GPMC
GPMB
GPMA
area
width mean
area
width mean
area
width mean
depth
depth
depth
104.26 26.58 60.91 550.33 107.91 213.64 392.62 161.46 87.39
A
74.90 21.91 43.64 203.22 54.20 97.27 145.03 82.11 33.33
B
C
-20.95 12.55 60.91 63.22 37.83 19.09 145.03 49.39 63.06
-88.29 -22.65 -84.55 -20.00
D
2.76
-21.82 -4.55
21.38 -21.62
-66.16 -15.57 -60.00 -55.17 -11.22 -49.09 -30.37 -6.62 -26.13
E
F
-11.54 12.55 -21.82 -87.11 -20.60 -83.64 -79.34 -15.93 -75.68
122.52 36.00 63.64 -71.61 -11.22 -68.18 712.44 208.15 162.16
G
165.43 106.34 28.18 532.28 105.58 208.18
H
Table 4.8: Percent difference between the CDC dimensions and the cross-section bankfull
dimensions predicted by drainage area from Maryland Piedmont regression equations.
Negative percents indicate than the CDC dimension was less that the predicted bankfull
dimension. Bold numbers are the dimensions closest to those predicted and bold and
italic numbers fall within the plus to minus 25% limit.
Dimensions for cross-section GPMC CDC-F are the closest for all three of the predicted
dimensions, which may indicate that this is a bankfull stage. The channel width for CDCD at cross-section GPMB is very close to the width predicted. At cross-section GPMA,
CDC-D has an area quite close to that predicted and CDC-E has a width that is quite
close to that predicted. The fact that the closest dimensions are spread over two CDCs at
both GPMB and GPMA weakens an argument for selecting a particular CDC as a
bankfull stage.
If all three dimensions are taken into consideration, only GPMC CDC-F may be
associated with a channel-forming flow. Both GPMB and GPMA channel dimensions
closest to those predicted are spread over two possible CDCs, but GPMB CDC-D and
GPMA CDC-D both meet the ±25% limit. However, for the Maryland Piedmont
regression equations, the percents of variation in width and depth explained by drainage
area, R2=0.83 and 0.86 respectively, are a bit lower than for cross-sectional area,
R2=0.95. (McCandless and Everett, 2002, p. 27) If only area is considered, GPMC CDC39

F, GPMB CDC-D, and GPMA CDC-D are closest to the predicted dimension and, if the
±25% limit is allowed, then GPMC CDC-C may be included; all of these CDCs might be
considered for a relationship with channel-forming flows.
4.2.2. Return Period Discharge (Qri)
The channel-forming discharge in stable alluvial reaches is often associated with
the 1.5-year return period discharge (Leopold, 1992, p. 319), discharges with return
periods between one and two years (Gordan et al., 1992, p. 305), and the bankfull
discharge (Haan et al., 1994, p. 396). The return periods for the CDC stages at the three
cross-sections are calculated and their channel dimensions compared to those predicted to
be a result of the 1.5-year return period discharge in the Maryland Piedmont.
Bankfull Channel Dimensions by 1.5-Year Return Period Discharge
Bankfull channel dimensions can also be calculated from bankfull
discharge using regression equations developed for the Maryland Piedmont (McCandless
and Everett, 2002, p. 29) and are shown in Table 4.9 for the log-Pearson Type III
distribution, 1.5-year return period flow. It was felt that the Maryland Piedmont equations
would apply because McCandless and Everett found very good agreement between
bankfull discharges and the Q1.5. Because it is not clear which, if any, of the CDCs
represent bankfull stage for a cross-section, the regression equation was used on all of the
CDCs and the percent difference between measured dimensions and the predicted
dimensions are shown in Table 4.10. The first plus and minus quartile was chosen as a
limit for further consideration of a relationship of a CDC to channel-forming flow.
Predicted Bankfull Channel Dimensions based on log-Pearson
Type III Q1.5 for the Gunpowder at Hoffmanville
Cross-section
area (m2)
width (m)
mean depth (m)
15.57
15.30
1.01
GPMC
GPMB

15.73

15.38

1.01

GPMA

15.75

15.39

1.01

Table 4.9: Bankfull channel dimensions for three cross-sections using Maryland
Piedmont regression equations relating channel dimensions to log-Pearson Type III
distribution, 1.5-year return period discharge.
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Percent Difference Between CDC & Cross-Section Bankfull Dimensions Predicted
by Q1.5
CDC
GPMC
GPMB
GPMA
area
width mean
area
width mean
area
width mean
depth
depth
depth
134.19 34.47 75.55 644.21 120.42 240.60 463.42 177.19 105.25
A
100.53 29.50 56.70 246.99 63.48 114.23 180.25 93.06 46.04
B
C
-9.37
19.56 75.55 86.78 46.12 29.33 180.25 58.38 78.60
-86.58 -17.83 -83.14 -8.45
28.69 -14.15
D
8.94
-15.10
9.17
-61.20 -10.31 -56.36 -48.69 -5.88 -44.71 -20.36 -1.00 -19.09
E
F
1.42
19.56 -14.71 -85.25 -15.82 -82.23 -76.38 -10.87 -73.36
155.13
44.47 78.52 -67.51 -5.88 -65.45 829.22 226.69 187.15
G
204.33 119.19 39.84 623.55 117.95 234.67
H
Table 4.10: Percent difference between the CDC dimensions and the predicted crosssection bankfull dimensions from the Gunpowder log-Pearson Type III distribution, 1.5year return period discharge. Negative percents indicate that the CDC dimension was less
than the predicted Q1.5 dimension. Bold numbers are the dimensions within the first plus
or minus decile and bold and italic numbers fall within the first plus to minus quartile
limit.
None of the CDCs for any of the cross-sections are within the first plus or minus decile
for all three dimensions. Within the first plus to minus quartile limit, GPMC CDC-F,
GPMB CDC-D, and GPMA CDC-D might indicate a relationship with the dimensions
predicted from a 1.5-year return period, channel-forming flow.
For the Maryland Piedmont regression equations, the variation in depth explained
by discharge is R2=0.83, which is a bit lower than for cross-sectional area and width,
R2=0.97 and 0.92 respectively. (McCandless and Everett, 2002, p. 27) If only area and
width are considered, none of the CDCs are within the first plus or minus decile for both
dimensions; however, GPMC CDC-F and -C, GPMB CDC-D and GPMA CDC-E might
be considered as representing channel-forming flows if the first plus to minus quartile
limit is considered.
Cross-Section Return Period Discharges
A regression equation developed for the Maryland Piedmont relating the 1.5-year
return period predicted using the log-Pearson Type III distribution to drainage area
(McCandless and Everett, 2002, p. 24) was used to predict the 1.5-year return period
discharge for each cross-section from the Hoffmanville record and the results are
presented in Table 4.11. Each cross-section's CDCs were compared to the return period
flows predicted from the log-Pearson Type III distribution to predict the approximate
flow return period for each CDC as shown in Table 4.12. For example, the 1.5-year
return period flow at GPMB is 26 m3/s and CDC-D is 24 m3/s, which is close to the 1.5year return period flow.
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Comparison of 1.5-Year Return Period Discharges for Maryland
Piedmont & Hoffmanville Predicted by Drainage Area
MD Piedmont (m3/s)
Hoffmanville (m3/s)
28.84
25.49
GPMC
29.09
25.77
GPMB
29.11
25.80
GPMA
Table 4.11: Comparison of 1.5-year return period discharges for Maryland Piedmont and
Hoffmanville predicted by drainage area.

CrossSection
GPMC

DISCHARGE (m3/s)
Return Period (years)
2
5
10
25

50

100

200
318

1.01

1.5

10
D=0.05
E=3

26
C=13
F=16

38

69
B=55

98
A=72
G=79
H=79

147

193

250

11
F=1
G=4
E=9

26
D=24

38

70
C=68

99

148

195
B=180

252

322
A=537
H=516
(>> than
200 yrs)
11
26
38
70
99
149
195
253
322
GPMA
F=3.1
E=25 D=36
B=139 C=157
A=358
G=743
(>> than
200 yrs)
Table 4.12: Return period flows for three surveyed channel cross-sections and discharge
based on channel morphology.
GPMB

Regression equations were developed using the return period discharges for the
synthetic Hoffmanville record and exact return period discharges calculated for each
CDC as presented in Table 4.13. For example, the flow that would fill CDC-D in crosssection GPMB has a return period of 1.41 years. The return periods for the flows that
would fill the channel to GPMA CDC-A and -G and GPMB CDC-A and -H are
extremely unlikely in the present climatic regime.
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Discharge Return Periods for Cross-Section CDCs (yrs)
Cross-section
Channel Flow
Capacities (CDCs)
GPMC
GPMB
GPMA
5.68
2813.95
328.62
A
4.20
39.41
19.75
B
4.47
25.99
C
1.07
0.76
D
1.41
1.96
0.82
0.96
E
1.46
0.77
0.82
F
1.16
6.56
0.84
33712.24
G
6.45
2188.70
H
Table 4.13: Predicted return period for cross-section CDCs from the log-Pearson Type III
distribution of the synthetic Hoffmanville flow record. Return periods in bold fall within
the one to two year return period associated with channel-forming or bankfull flow.
It can be seen from Table 4.13 that at least one discharge at each crosssection has a return period between one and two years. At cross-section GPMC, both
CDC-F and -C have return periods of just over one year. These are the two CDCs that are
predicted to have a bankfull discharge based on drainage area and/or channel dimensions
appropriate to either drainage area and the 1.5-year return period discharge in the
Maryland Piedmont. CDC-F and -C are very close to the same stage but are located on
opposite streambanks and both are located at the slope break between a lower flatter
slope and an upper steeper slope. In terms of typical bankfull cross-section channel
morphology, which places bankfull stage at the floodplain break, neither CDC would be a
likely candidate for a bankfull landform.
At GPMB, CDC-D has a return period discharge of just under 1.5 years. This
same CDC was identified as having a bankfull discharge based on drainage area and
channel dimensions appropriate to either the drainage area and the 1.5-year return period
discharge in the Maryland Piedmont. CDC-D is located at a slope break between a lower
steeper slope and an upper flatter slope. There is no corresponding feature on the opposite
bank. In terms of typical bankfull cross-section channel morphology, CDC-D would be a
possible candidate for a bankfull landform.
Cross-section GPMA CDC-E and -D have return period discharges between one
and two years, with CDC-E having a return period of just under 1.5 years. These CDCs
are the same as those identified as having a bankfull discharge based on drainage area
and channel dimensions appropriate to either the drainage area or the 1.5-year return
period discharge in the Maryland Piedmont. CDC-E and -D are both located on the
southern streambank. CDC-E is located at a slope break with the steeper slope below and
the flatter slope above. CDC-D is located at a slope break with the steeper slope above
and the flatter slope below. In terms of typical bankfull cross-section channel
morphology, CDC-E would be the more likely candidate for a bankfull landform.
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Use of the 23 Maryland Piedmont sites as reference site set had both advantages
and disadvantages. As no reference sites were identified in the immediate area of the
study site, one advantage was that the field and data analysis work was already done and
covered a larger population of stream cross-sections than were possible for this study.
Because of the larger range of watershed development, drainage area, and wider
distribution of sites in the Piedmont and length of flow records, the proportional effects
of data anomalies were probably dampened. An additional advantage is that two of the
gauge site records were used both in the development of the Maryland Piedmont
regression equations and to develop the synthetic flow record for this study. The
Maryland Piedmont regression equations put the Gunpowder channel stage dimensions
into perspective. This was quite important as several stages and associated landforms
looked very much as if they would be associated with dominant discharge, but the
Maryland Piedmont equations made it clear that the drainage area was too small to
produce such extreme discharges with the land cover that has been in place for many
decades.
There were also a few disadvantages to this reference site method. Determination
of bankfull flow indicators and assessment of cross-section stability are somewhat
qualitative. So, the fact that that the assessment for the Maryland Piedmont sites and the
study site were not done by the same person, even though common criteria were used, the
data analysis results for the Maryland Piedmont may not be entirely accurate for the study
site. Additionally, the methods for determining impervious surface area in the watershed
was very different and may not have produced the same results. The number of sites in
the reference set may have mitigated against any difference in impervious surface area
analysis.
4.2.3. Effective Discharge (Qeff)
Effective discharge (Qeff) is the third possible channel-forming flow. Because
Qeff is the product of a process that directly results in the transport of channel materials
and that is tied to the frequency of that materials transporting event, Qeff is considered to
be the definitive channel-forming flow. Channel stability is a result of Qeff being a
specific discharge with a particular return period. Therefore, in this study, no CDC stage
could be considered as representative of a channel-forming flow if it did not correspond
with the Qeff. Additionally, to be considered stable, the CDC stage had to be associated
with a either a particular Qri or Qbkf.
For this study, Qeff was determined by examining bedload transport capacity only
and not suspended load transport. This was done because (i) no significant suspended
sediment transport was observed at the site and is probably episodic and associated with
rare streambank failure and (ii) the life cycles of most of the macroinvertebrate orders at
the impoundment site are univoltine or multivoltine. (Slawson, 2004b) Such
macroinvertebrates have shorter life cycles than the return period of the episodic
suspended sediment transport events that might damage the streambed habitat through
clogging from fines.
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Determination of Qeff
The sediment transport rate was determined for the CDCs at each cross-section
(Slawson, 2004b). The effective discharge was calculated by multiplying the bedload
transport rates by the discharge frequencies to create a curve, with Qeff being the curve
peak. Once Qeff is determined, it can be compared to Qbkf and Qri and a partial analysis
of channel morphology and streambed stability can be undertaken.
Figures 4.1, 4.3, and 4.5 are plots of CDC discharges against the product of the
discharge frequency and the bedload transport rate for the mean daily discharge. Figures
4.2, 4.4, and 4.6 are plots of CDC discharges against the product of the discharge
frequency and the sediment transport rate for the annual peak discharge. A smooth curve
has been fitted to the points. The density of points may not in fact be sufficient to warrant
a smooth curve, but doing so may avoid arriving at the conclusion that a CDC is
absolutely associated with the effective discharge as opposed to being close to it.
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Figure 4.1: GPMC sediment discharge rating curve from mean daily discharges for five
CDCs with effective discharge, the 1.5 and 2-year return period discharges, and the
bankfull discharge predicted for the drainage area. Note that discharges at CDCs A, G,
and H exceed all mean daily flows from the synthetic flow record for the Gunpowder at
Hoffmanville and are not shown.
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Figure 4.2: GPMC sediment discharge rating curve using the annual peak record for eight
CDCs with effective discharge, the 1.5- and 2-year return period discharges, and the
bankfull discharge predicted for the drainage area.
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Figure 4.3 : GPMB sediment discharge rating curve from mean daily discharges for five
CDCs with effective discharge, the 1.5 and 2-year return period discharges, and the
bankfull discharge predicted for the drainage area. Note that discharges at CDCs A, B,
and H exceed all mean daily flows from the synthetic flow record for the Gunpowder at
Hoffmanville and are not shown.
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Figure 4.4: GPMB sediment discharge rating curve using the annual peak record for five
CDCs with effective discharge, the 1.5 and 2-year return period discharges, and the
bankfull discharge predicted for the drainage area. Note that discharges at CDCs A, B,
and H exceed all annual peak flows from the synthetic flow record for the Gunpowder at
Hoffmanville and are not shown.
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Figure 4.5: GPMA sediment discharge rating curve using the mean daily record for five
CDCs with effective discharge, the 1.5 and 2-year return period discharges, and the
bankfull discharge predicted for the drainage area. Note that discharges at CDCs A, B, C,
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G, and H exceed all mean daily flows from the synthetic flow record for the Gunpowder
at Hoffmanville and are not shown.
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Figure 4.6: GPMA sediment discharge rating curve using the annual peak record for five
CDCs with effective discharge, the 1.5 and 2-year return period discharges, and the
bankfull discharge predicted for the drainage area. Note that discharges at CDCs A and G
exceed all annual peak flows from the synthetic flow record for the Gunpowder at
Hoffmanville and are not shown.
4.2.4. Dominant Discharge and Channel Morphology Recovery
The dominant discharges suggested by predicted and actual bankfull and return
period discharges and channel dimensions are compared to those indicated by the
effective discharges and their associated CDC channel dimensions. The level of
agreement between the two may indicate the level of channel morphologic recovery from
the effects of impoundment.
The calculations for Qeff using mean daily discharges and annual peak discharges
identified two different CDCs as being the same as or close to the stage of a channelforming flow. In addition to the sediment transport method for determining Qeff, two
other methods, bankfull flow (Qbkf) and discharge return periods (Qri), were used to
determine which CDC at each cross-section holds a discharge that forms and maintains
channel morphology. The results are summarized in Table 4.14.
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Flow
type:
QbkfDA
GDDA

GDQri

RIQri
Qeff

Prediction of CDC Holding a Channel-Forming Discharge by Prediction
Method
Cross-section:
GPMC
GPMB
GPMA
Percent difference:
Qbkf from drainage area:
Bankfull channel
dimensions
from drainage area:
Area only:
Bankfull channel
dimensions from Q1.5
(Qbkf ≅Q1.5):
Area and width only:
Qri (1-2 years)
Qeff from mean daily
discharge
Qeff from annual peak
discharge

<±10%
none
none

<±25%
F
F

<±10%
none
none

<±25%
D
D

<±10%
E
none

<±25%
E
D

none

F, C

none

D

D

D

none

F

none

D

none

E

none

F, C

D

D

none

E

F, C
E

D
F

E, D
F

B

D

E

Table 4.14: CDCs predicted to hold channel-forming or maintaining discharges by
prediction methods.
Cross-Section GPMC
At cross-section GPMC, CDC-B, as determined by calculating Qeff from annual
peak flows, appears to hold the discharge that forms and maintains the channel crosssection. However, CDC-B has a return period greater than four years. CDC-E, as
determined by calculating Qeff from mean daily flows, appears to be the dominant
discharge, though the return period is on 0.82 years. Comparisons with the discharge by
drainage area and with the channel dimensions by drainage area or Q1.5 for the Maryland
Piedmont indicate that CDC-F or -C may be the dominant flow. The Q1.5 and Q2
predicted using a log-Pearson Type III distribution of the synthetic flow record do not
match any of the CDCs, but CDC-F and -C do fall between the one and two-year return
period.
In the case of GPMC (Figures 4.7 and 4.8), CDC-B with its high return period and
low width-to-depth ratio controls the channel width in the top half of the incision and
accounts for the steep banks between CDC-C and -B and between CDC-F and -G. The
northern shaded aspect of the southern bank may help to account for the lack of
herbaceous vegetation that would otherwise grow on this bank and reduce erosion.
Despite the lack of vegetation, the high return period and cohesive streambank materials
limit the contribution of streambank sediment to the stream in rare events. (Slawson,
2004c) CDC-E, with its return period of 0.82 years and high width-to-depth ratio, occurs
frequently enough and transports enough potential bedload to control channel geometry
and substrate sediment size and distribution at the bottom of incision. It is located at the
northern bank floodplain break. For the ecology of the macroinvertebrate community,
this may be the dominant flow because it most affects the streambed habitat within the
time frame of its largely univoltine life history. (Slawson, 2004b)
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GPMC CDC-F and -C both have returns periods between one and two years,
though much closer to one year. When compared to discharges and channel dimensions
for the Maryland Piedmont, they might be identified as the dominant flow indicators.
However, these discharge stages cannot move sufficient sediment relative to their return
periods to have significant effects on channel geometry. These CDCs have channel
dimensions much more consistent with those predicted for the Maryland Piedmont. For
the following reasons, the channel morphologic indicators for a dominant flow are more
ambiguous at GPMC than at the other two cross-sections.
1. CDC-B is the effective discharge, as determined from annual peak flow, but has a
return period of 4.2 years. This is inconsistent with bankfull flow but likely in an
unstable incised channel.
2. CDC-B does not have a discharge close to bankfull as predicted by drainage area or
return period.
3. CDC-B does not have channel dimensions similar to those predicted by drainage area,
bankfull flow or the 1.5-year return period consistent with the Maryland Piedmont, so
is not typical of channel dimensions in the Maryland Piedmont. Width is the only
channel dimension that is somewhat close (21.9% for bankfull flow).
4. CDC-F and -C, whose dimensions are closer to those predicted for the Maryland
Piedmont, are not near a floodplain break, but rather at the base of a steeper bank
slope.
5. Both CDC-F and -C have return periods just over one year, an unlikely return period
for bankfull flow in a well-forested watershed.
6. CDC-E, the effective flow as determined by mean daily discharge, marks the top of
the active channel bank rather than the low flow stage.
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C

Figure 4.7: Southern bank of GPMC with survey line (dotted arrow) and landforms
(CDC-C: dash/double dotted line, CDC-B: dash/dotted line) marked.
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Figure 4.8: Northern bank of GPMC with landforms (CDC-E: dashed line, CDC-F:
dotted line, CDC-G: dot/dashed line) marked. Survey transect is marked with a dotted
arrow.
Figure 4.9 plots the width-to-depth ratio against the discharge normalized by
return period for each CDC at cross-section GPMC. All the CDCs have discharge stages
with return periods less than 10 years, so all can occur and may have channel-forming
effects. The regression trendline (R2=0.76) indicates that decrease in the width-to-depth
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ratio is somewhat explained by the increase in normalized discharge. With the exception
of CDC-D and -E, most of the CDCs have the low width-to-depth ratios associated with
an incised channel. These same CDCs have very similar normalized discharges. The two
clusters of three CDCs in the lower right section of the plot indicate that there is not
much differentiation in landform width-to-depth ratio. The cluster that contains CDCs A,
B, and G indicates that they are probably maintained by a similar discharge event. The
other cluster contains, CDCs C, F, and H. CDC-H has a similar with-to-depth ratio but is
not maintained by the same flow as the other two. CDCs C and F probably are
maintained by the same discharge. CDC-E was identified as the effective discharge using
mean daily flow. CDC-E has a higher width-to-depth ratio for the normalized discharge
and marks the bank top for the active channel and is a significant landform in the bottom
of the incision. CDC-D with its very high width-to-depth ratio and very low normalized
discharge is unlikely to contribute to over-all channel formation, but may control
substrate size and distribution on isolated sections of the streambed. CDC-B is the stage
associated with the Qeff as determined from peak annual flows and probably maintains
the upper part of the channel incision. All the CDC stages appear to be the result of
fluvial process.
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Figure 4.9: The width-to-depth ratio of each CDC has been plotted against its
discharge, normalized by return period, to detect clustering of landform effects and extent
of incision.
In terms of channel morphology in the bottom of the incision and streambed
stability, GPMC manifests short-term stability at the time scale of under a decade.
However, the incised nature of the channel permits a second dominant flow with a higher
return period that may, over a time scale of several decades, move the channel geometry
closer to that of CDC-F by widening the channel and aggrading the bed.
For the purposes of determining recovery level at GPMC from the effects
of the former dam impoundment, the recovery criteria, that dominant discharge is
reflected in a channel dimensional geometry that is representative of those discharges and
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dimensions typical of the regional physiographic hydrology and land use, must be
examined. GPMC does not meet these assumptions for the following reasons:
1. The discharge at CDC-B is over twice as large as the Qbkf predicted from drainage
area.
2. The discharge at Qeff does not have a return period between one and two years.
3. The channel dimensions for CDC-B do not come within the first plus or minus
quartile of those predicted for the drainage area.
4. The channel dimensions for CDC-B do not come within the first plus or minus
quartile of those predicted for the Q1.5.
At GPMC, there is no CDC stage that is consistent with Qeff, Qri, and Qbkf and Qeff
does not have a return period between one and two years. The cross-section channel
dimensions at CDC-B, associated with Qeff, are not consistent with the regionally typical
channel dimensions calculated from drainage area or Q1.5 Therefore, it is concluded that
GPMC is not in quasi-equilibrium and may be still adjusting to the effects of
impoundment and dam failure. However, this does not mean that restoration intervention
is called for. The magnitude and time scale of disturbance from future channel
adjustments must be examined in terms of in-stream and riparian ecology. (Slawson,
2004b, 2004c)
Cross-Section GPMB
At cross-section GPMB, CDC-D, as determined by calculating Qeff from annual
peak flows, appears to hold the discharge that forms and maintains the channel crosssection. CDC-D stage has a return period of 1.41 years, consistent with the return period
of the bankfull discharge in the Maryland Piedmont. However, CDC-F, with a return
period less than one year as determined by calculating Qeff from mean daily flows, also
appears to be a dominant discharge. Comparison of the discharge with the discharge by
drainage area, the channel dimensions by drainage area or Q1.5, and the channel
dimensions predicted by the Q1.5 for the Maryland Piedmont also indicate that CDC-D
may be the dominant flow. The Q1.5 predicted using a log-Pearson Type III distribution
of the synthetic flow record is also very close to CDC-D.
In the case of GPMB (Figures 4.10 and 4.11), CDC-D with its nearly 1.5-year
return period and low width-to-depth ratio probably controls the channel morphology at
the bottom of the incision. CDC-F, with its return period of 0.77 years and high width-todepth ratio, occurs frequently enough and transports enough potential bedload to control
substrate sediment size and distribution. For the ecology of the macroinvertebrate
community, this may be an important flow because it most affects the streambed habitat
within the time period of its members’ largely univoltine life histories. (Slawson, 2004b)
The top of the incision is probably controlled by hillslope processes because no discharge
that is likely to occur will fill the incision.
In terms of channel morphology in the bottom of the incision and streambed
stability, GPMB is probably in a state of quasi-equilibrium at the time scale of several
decades for the following reasons.
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1. CDC-D has a 1.41-year return period consistent with bankfull flow.
2. CDC-D has a relatively low width-to-depth ratio (19.5) and therefore can form and
maintain bank dimensions.
3. CDC-D has a return period fairly close to that predicted (-19%) for the Maryland
Piedmont drainage area.
4. CDC-D has channel dimensions close to those predicted (area = -8.5%, width = 8.9%,
mean depth = -15.1%) for the Q1.5 in the Maryland Piedmont.
5. CDC-D is the effective discharge (23.79 m3/s) as determined from annual peak
discharges.
6. CDC-D marks a break between a steeper lower slope and a shallower upper slope.
7. CDC-F has the discharge (0.90 m3/s), as determined from mean daily flows and a
high width-to-depth ratio, that can maintain substrate sediment size and distribution.

DAM

H

Figure 4.10: Northern bank of cross-section GPMB. The survey transect is shown by a
dotted arrow and CDC-H is shown by a dot-dashed line. Former dam breast probable
elevation is indicated with a solid line.
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Figure 4.11: Southern bank of GPMB with survey line (dotted arrow) and landforms are
marked. (CDC-E: dash/double dotted line, CDC-D: dashed line, CDC-C: dotted line,
CDC-A: dot/dashed line) Former dam breast probable elevation is indicated with a solid
line.
Figure 4.12 plots the width-to-depth ratio against the discharge normalized by
return period for all the CDCs at cross-section GPMB. The coefficient of determination
(R2=0.09) indicates that variation in width to depth ratio cannot be explained by
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discharge normalized by return period. Because channel-forming flow in equilibrated
streams is associated with return periods considerably less than 10 years, the same
plotting method has been used with three CDCs, with return periods greater than 10 years
removed, and the results are shown in Figure 4.13. The regression trendline (R2=0.97)
indicates that decrease in the width-to-depth ratio may be explained by the increase in
normalized discharge. The difference between the two regression trendlines suggests that
that the only the five lower elevation CDCs are maintained by fluvial processes. There is
a possible cluster of points at CDC-D and C, indicating that each landform may be
formed by a similar event. CDC-F was identified as the effective discharge using mean
annual flow and has a high width-to-depth ratio relative to the normalized discharge.
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Figure 4.12: The width-to-depth ratio of each CDC has been plotted against its discharge
normalized by return period to detect whether all the CDCs are likely to be products of
fluvial process.
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GPMB Width to Depth Ratio for CDCs with Return Periods Less Than
10 Years as Function of Discharge Normalized by Return Period
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Figure 4.13: The width-to-depth ratio of each CDC with a return period of less than 10
years has been plotted against its discharge normalized by return period to detect
clustering of landform effects that may indicate the landforms are maintained by the same
flow event.
To determine recovery level at GPMB from the effects of the former dam impoundment,
the recovery assumptions were examined. GPMB meets these assumptions for the
following reasons:
1.
2.
3.
4.

The discharge at CDC-D is only 19% less than the drainage area Qbkf.
The discharge at CDC-D has a return period of 1.41 years.
The discharge at CDC-D is close to Qeff.
The channel dimensions for CDC-D are within the first plus or minus quartile limit of
those predicted for the drainage area.
5. The channel dimensions for CDC-D are within the first plus or minus quartile limit of
those predicted for the Q1.5 and within the 10% range for area and width.
At GPMB, CDC-D stage is consistent with Qeff, Qri, and Qbkf and Qeff has a return
period between one and two years. The cross-section channel dimensions at CDC-D,
associated with Qeff, are consistent with the regionally typical channel dimensions
calculated from drainage area and Q1.5. Therefore, it is concluded that the channel
morphology has recovered from the effects of impoundment and dam failure to the extent
that it is unlikely to adjust its width-to-depth ratio or streambed elevation any further.
Paradoxically, restoration intervention may be appropriate for the riparian ecology on the
northern bank. Remnant impoundment structure no longer affecting fluvial process may
be having negative impacts on the northern bank woody vegetation community.
(Slawson, 2004c)
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Cross-Section GPMA
At cross-section GPMA, CDC-E, as determined by calculating Qeff from annual
peak flows, appears to hold the discharge that forms and maintains the channel crosssection. CDC-E has a return period of 1.46 years, consistent with the return period of the
bankfull discharge in the Maryland Piedmont. CDC-F with a return period of less than
one year as determined by calculating Qeff from mean daily flows, appears to be the
important discharge that maintains substrate size and distribution. Comparisons with the
discharge by drainage area, the channel dimensions by drainage area or Q1.5, and the
channel dimensions predicted by the Q1.5 for the Maryland Piedmont also indicate that
CDC-D and -E may be dominant flows. The Q1.5 predicted using a log-Pearson Type III
distribution of the synthetic flow record is also very close to CDC-E.
In the case of GPMA (Figures 4.14 and 4.15), CDC-E with its 1.5-year return
period and low width-to-depth ratio probably controls the channel morphology at the
bottom of the incision. The CDC-F discharge, with its return period of 0.82 years and
high width-to-depth ratio, occurs frequently enough and transports enough potential
bedload to control substrate sediment size and distribution at the bottom of incision. For
the ecology of the macroinvertebrate community, this may be the dominant flow because
it most affects the streambed habitat within the time period of its members’ largely
univoltine life histories. (Slawson, 2004b) The top of the incision is probably controlled
by hillslope processes on the southern side because no discharge is likely to fill the
incision and by geology on the northern side because of the large bedrock outcrop. CDCD has a return period of just under two years, but a relatively high width-to-depth ratio
that may reduce energy and channel-forming potential at this discharge stage.
In terms of channel morphology and streambed stability, GPMA is probably in a
state of quasi-equilibrium for a time scale of several decades for the following reasons:
1. CDC-E has a 1.46-year return period consistent with bankfull flow.
2. CDC-E has a relatively low width-to-depth ratio (18.5) and can form and maintain
bank dimensions.
3. CDC-E has a return period close to that predicted (-14.34%) for the Maryland
Piedmont drainage area.
4. CDC-E has channel dimensions, particularly width (-1%), close to those predicted for
the Q1.5 in the Maryland Piedmont.
5. CDC-E has the effective discharge (25.2 m3/s) as determined from annual peak
discharges.
6. CDC-E marks the floodplain break between a vertical lower slope and a small, nearly
horizontal floodplain.
7. CDC-F has the discharge (3.07 m3/s), as determined from mean daily flows and a
high width-to-depth ratio, that can maintain substrate sediment size and distribution.
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Figure 4.14: Northern bank of GPMA showing rock outcrop and bedrock control of
streambed. CDC-G is shown with a dot/dashed line, former dam breast probable
elevation is indicated with a solid line, and the survey transect is shown with a dotted
arrow.
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Figure 4.15: Southern bank of GPMA with survey line (dotted arrow) and landforms
marked. (CDC-E: dash/double dotted line, CDC-F: dashed line, CDC-D: dotted line,
CDC-C: dot/dashed line) The former dam breast probable elevation is marked with a
solid line.
Figure 4.16 plots the width-to-depth ratio against the discharge normalized by
return period for all the CDCs at cross-section GPMA. The regression trendline
(R2=0.017) indicates that decrease in the width-to-depth ratio cannot be explained by the
increase in normalized discharge. Because channel-forming flow in equilibrated streams
is associated with return periods considerably less than 10 years, the same plotting
method has been used with four CDCs, with return periods greater than 10 years
removed, and the results are shown in Figure 4.17. The regression trendline (R2=0.94)
indicates that decrease in the width-to-depth ratio for the remaining three CDCs may be
explained by the increase in normalized discharge. The difference between the two
regression trendlines suggests that that the only the three lower elevation CDCs are
maintained by fluvial processes. There is a possible cluster of points at CDC-D and E,
indicating that each landform may be maintained by a similar event. CDC-F was
identified as the effective discharge using mean annual flow and has a high width-todepth ratio relative to the normalized discharge.
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Figure 4.16: The width-to-depth ratio of each CDC has been plotted against the discharge
normalized by return period to determine if all the landforms are maintained by fluvial
process.
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Figure 4.17: The width-to-depth ratio of each CDC has been plotted against its discharge
normalized by return period to detect clustering of landform effects indicating that more
than one landform is maintained by the same flow event.
62

To determine recovery level at GPMA from the effects of the former dam
impoundment, the recovery assumptions must be examined. GPMA does not meet one of
these assumptions, but does meet three others as described below.
1.
2.
3.
4.

The discharge at CDC-E is only 14.34% less than the drainage area Qbkf.
The discharge at CDC-E has a return period 1.46 years.
The discharge at CDC-E is close to Qeff.
The channel dimensions for CDC-E are within the first plus or minus quartile limit of
those predicted for the Q1.5.
5. The channel dimensions for CDC-E are not within the first plus or minus quartile
limit of those predicted for the drainage area.
At GPMA, CDC-E stage is consistent with Qeff, Qri, and Qbkf and Qeff has a
return period between one and two years. The cross-section channel dimensions at CDCE, associated with Qeff, are consistent with the regionally typical channel dimensions
calculated from Q1.5. The channel morphology at cross-section GPMA has recovered
from the effects of impoundment and dam failure to the extent that it is unlikely to adjust
its width-to-depth ratio or streambed elevation any further. Nevertheless, a log dam footer
that controls bed grade in the breach just downstream from this cross-section may be a
cause of future adjustment should it be removed in an extreme disturbance event.
Removal by such an event is unlikely, as the footer survived Hurricane Agnes in 1972
and is unlikely to be dislodged naturally. The decision to purposely remove the footer for
restoration purposes should be made by weighing the stability of the present in-stream
ecology with the disturbance potential removal might initiate in both the streambed and
the riparian zone.
4.3. Utility of Methods for Determining Channel Morphology Recovery from
Impoundment Impacts
A ten step analytic process was developed during this study to subject data
commonly collected by stream restoration decision-makers to analysis that is based in
physical ecology and fluvial geomorphology. The ten step analytic process is outlined
below.
1. Survey cross-sections in the apparently affected stream reaches and identify possible
channel discharge capacity (CDC) stages by landform characteristics. For this study,
three cross-sections were surveyed and seven or eight CDCs were identified at each
cross-section.
2. Develop synthetic peak annual and mean daily flow records for the stream of interest
from hydrologically similar watersheds with long-term flow records. For this study,
three long-term records were used from nearby watersheds.
3. Calculate return periods of the 1, 1.5, 2, 5, 10, 25, 50, 100, and 200-year flow and of
all CDC discharges using the synthetic record and a log-Pearson Type III distribution.
4. Compare the CDC discharge and geometric dimensions by drainage area with
reference bankfull discharge and cross-section geometry by drainage area typical for
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the region. In this study, regression equations from 23 gauged sites in the Maryland
Piedmont were used to make the comparisons.
a. Bankfull discharge based on drainage area.
b. Channel geometric dimensions based on drainage area.
5. Compare the discharge return periods for the CDCs with the reference bankfull
discharge return period typical for the region. For this study, Maryland Piedmont
regression equations found a high correspondence between bankfull flow and the 1.5year return period flow, so the 1.5-year return period from the synthetic record was
used with the Maryland Piedmont regression equations to predict channel dimensions.
6. Compare the CDCs geometric dimensions for the discharge associated with the
regional return period bankfull flow. In this study, a regression equation for channel
dimensions associated with the 1.5-year return period flow developed from 23 gauged
sites in the Maryland Piedmont was used to make the comparisons.
7. Identify a regional return period range for channel-forming flows at stable crosssections. In the study region, empirical research indicates a return period range for
channel-forming flow between one and two years.
8. Determine effective flow, using peak annual and mean daily flows, as the peak of the
curve that is the product of the bedload transport rate and discharge frequency for the
CDCs at each cross-section.
9. Identify the CDC(s) stage at each cross-section that is associated with the flow that
meets the criteria defined by steps 4, 6, and 7 and compare to the CDC determined by
the effective flow from the peak annual record. In this study, one cross-section had a
CDC that met al.l the criteria of steps 4, 6, and 7 and was the CDC identified with
effective flow. One cross-section had a CDC that met al.l the criteria, except that of
step 4b, and was the CDC associated with the effective flow. The CDC associated
with the effective flow at the third cross-section was different than any identified by
steps 4, 6 or 7.
10. Identify a particular cross-section as being stable if it is associated with the effective
flow, meets the criteria of steps 4a and 7 and either both or one of steps 4b and 6. As
a result of this study, two of three cross-sections were deemed stable and recovered
from the effects of impoundment. The third cross-section is not stable.
The ten step process described above used data that can be collected easily with low
technology and personnel with basic surveying and stream assessment skills. When
subjected to rigorous analysis, the data produced a great deal of information that could be
used to make stream restoration decisions. Three important levels of restoration questions
may benefit from the data analysis. Firstly, is there a morphologic impairment to the
stream channel caused by fluvial process? Initial field observation of the depth of channel
incision and the steepness, lack of vegetation on the streambanks, and the absence of
woody riparian vegetation suggested that this was an impaired situation. Streambanks
might be expected to erode or fail at a high rate resulting in widening of the channel and
downstream deposition of fine bank sediments resulting in an aggrading streambed.
Subsequent analysis of channel cross-section geometry and the range of flows and the
return period of those flows indicated that not all cross-section morphology was
maintained by fluvial process. Apparent impairments to streambanks at GPMA and
GPMB are controlled by non-fluvial processes and those at GPMC are controlled by
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fluvial processes. However, the impairment at cross-section GPMC, that of an incised
and eroding southern streambank cannot continue indefinitely because there is very little
impoundment sediment left and, after it is all removed, geology will control future
channel widening.
The second question that benefited from the data analysis is - is the channel
morphology that is controlled by fluvial process equilibrated to the regimen of sediment
and water delivered to it? If the morphology is unstable, it cannot be associated with a
specific channel-forming discharge with a predictable return period. Because the channel
is incised, a variety of flow types were examined for association with cross-section
channel geomorphic features. The commonly used methods of comparison of discharge
and channel dimensions with those of a reference site did not definitively answer this
question, though they did eliminate some landforms from consideration as indicators of
cross-section channel stability. Clarification was provided by identifying the effective
flow based on bedload transport and discharge frequency. Channel geometry at two of the
cross-sections were revealed to be associated with specific discharges with a constant
return period typical of the regional bankfull flow return period and, therefore,
determined to be stable. The third cross-section is not stable; the right streambank is
being eroded and the streambed may still be degrading.
The third question that is partially answered by this process of data analysis is - how
long does it take for channel cross-section geometry to stabilize in a former impoundment
after dam removal in the mid-Atlantic Piedmont? Over seventy years have passed since
the dam failed and two cross-sections are now stable and one is still adjusting. This is
useful information if dam removal decision-makers are contemplating letting natural
events stabilize the new channel in the impoundment sediments. While the analysis
process did not reveal the length of time to stability, it did reveal that it can be different at
different locations in the impoundment. At two cross-sections, the time to stability was
less than 70 years and at one cross-section stability has not been established after over 70
years. Better indications of the time needed to develop stable landforms, such as
floodplains, in the incision were given by tree annual ring analysis. (Slawson, 2004c)
This ten step process does not answer the question of whether or not habitat has
recovered in the former impoundment nor whether or not habitat repair is called for. The
channel is still incised and stable landforms indicative of habitat recovery, such as less
steep streambanks, significant floodplain development, and certain streambed sediment
size and sorting characteristics, are not typical of unimpaired habitats. Additionally, some
of the primary structures associated with the dam and impoundment and the secondary
structure of the impoundment sediments are still partially or entirely intact and moderate
geomorphologic process both in the stream, in the riparian corridor, and on the valley
slopes. The following two papers investigate the function of two habitat systems in the
former impoundment in light of the impacts of the present channel morphology.
(Slawson, 2004b, 2004c)
Designating a cross-section as being recovered from the impact of impoundment
should not be interpreted as being restored to some pre-impoundment condition. There

65

are post-impoundment landforms that were not present in the pre-impoundment situation.
These new landforms may have introduced new potential thresholds to the system. In the
case of the Gunpowder at Hoffmanville, a significant volume of impoundment sediment
is still in place. While man-made structures such as the railroad embankment are limiting
sediment mobilization from hillslope processes in some places, channel incision and the
cohesive nature of the impoundment sediments are limiting mobilization in others. If the
regimen of water or sediment load in the watershed should change due to land use and
cover alterations, the potential thresholds presented by these new landforms may trigger
new channel morphology and ecological instability and a new future quasi-equilibrium
state.(Slawson, 2004c)
5. Conclusions
This study has used the types of channel cross-section morphology data
commonly collected by stream restoration decision-makers and subjected it to rigorous
analysis in order to determine if such data can be used to identify connections between
channel geometry, channel-forming flow, and channel stability in an incised channel. The
final analysis indicates that the data can be used to unravel some of the ambiguity and
complexity of channel formation at an anthropogenically disturbed site. Although all
results are open to interpretation, the analytic methodology used here integrates three
approaches to identifying channel-forming discharge revealing more than any one
approach could alone.
Of the three channel cross-sections studied, one site is found to still be adjusting
to impoundment impacts over 70 years after dam failure. Another site is deemed
recovered and a third qualitatively recovered. Of particular note is the indication that
more than one flow may be crucial in maintaining geometry in an incised channel. One
flow may be responsible for channel morphology in the upper part of the incision and
another flow in the lower part of the incision, while a third flow maintains substrate size
and distribution. It is interesting to note also that when all three approaches point to the
same discharge stage as the dominant flow, channel dimensions clearly reflect that
discharge.
The results of this analysis may contribute to deciding if channel restoration is
appropriate at a cross-section by helping to clarify the level of recovery from the
disturbance of dam failure or removal, isolating fluvial process adjustments from
adjustments by other processes (i.e. hillslope, geologic, anthropogenic structural), and
sorting out the messages of too many channel-forming indicators. The focus of this study
on a very specific spatial scale of fluvial adjustment to a disturbance (channel crosssection dimensions) ignores the controls to adjustment imposed by hydrologic processes
over time at the watershed scale and the responses to the adjustments by biotic
communities. The magnitude and duration of the adjustments studied here are influenced
by land use and land cover changes over time at the watershed scale. (Slawson, 2004c)
Alternately, smaller scale biotic and physiochemical processes respond to the adjustments
in the channel cross-section morphology. (Slawson, 2004b)
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APPENDIX A: Calculation Method for Cross-Section Geometry
v = R2/3S1/2/n

Equation

A.1

where:
v = velocity (m/s)
R = hydraulic radius (m)
S = slope (m/m)
n = Manning's roughness coefficient
Hydraulic radius was calculated for each cross-sectional area using:
R = A/(2d + w)

Equation A.2

where:
R = hydraulic radius (m)
A = cross-sectional area (m2)
d = mean flow depth (m)
w = surface width (m)
To calculate Manning's n roughness coefficient, a velocity based on bed sediment size
(d84) was calculated as the ratio of the friction factor to shear velocity.(Mecklenburg,
1999, spreadsheet)
Shear velocity = (gRS)1/2

Equation A.3

where:
g = gravitational acceleration (m/s2)
(Mecklenburg, 1999, spreadsheet)
and the friction factor is:
u/u* = friction factor = 2.83 + 5.7 log10 (d/d84)

Equation A.4

u/u*=√(8/f) or 1/f=((u/u*)2)/8

Equation A.5

where:
d = mean depth (m)
d84 = 84 percent cumulative finer sediment median diameter (mm)
and

where f is the Darcy-Weisbach friction factor and
1/√f = 1+2log10 (d/D84)

Equation A.6

(Dunne and Leopold, 1978, p. 594).
Equation A.1 was then rearranged to solve for n using the bed sediment derived velocity,
so that,
n = (R2/3S1/2)/v
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The Manning's roughness coefficient was then plugged back into Equation A.1 to
calculate a flow velocity.
Discharge Q (cms) was calculated using:
Q = vA

Equation A.7

These calculations were made for the three cross-sections' CDCs.
APPENDIX B: Calculation Method for the log-Pearson Type III Distribution
1. The log10 was calculated for each maximum annual peak flow value.
2. The mean, standard deviation, and skewness for the log10 record were computed.
3. High and low outlier thresholds were calculated using:
Equation B.1
XH,L = Xavg ± KN S
Where:
XH = high outlier threshold in log units
XL = low outlier threshold in log units
Xavg = mean logarithm of peaks
KN = K value for sample size N
S = standard deviation in log units
(Interagency Advisory Committee on Water Data, 1981, p. 17)
KN = -0.9043 + 3.345√log10(n) - 0.4046log10(n) Equation B.2
Where:
n = sample size
(Maidment, 1993, p. 8.45)
4. One low (2002 drought) outlier was excluded from the record.
5. The z-score for log-normal distribution was calculated using:
z = (log10 Q - α)/β
Equation B.3
Where:
z = log-normal z-score
log10 Q = log10 of peak flow value
α = mean of log10 Q
β = standard deviation
6. However, there is considerable skew and the data is not normally distributed, so the
following correction was made. The station skew coefficient was combined with a
generalized skew coefficient (Ggen) to create a weighted watershed skew coefficient
(GW) using:
GW = [MSEG gen(G) - MSEG(Ggen)]/( MSEG gen + MSEG)
Equation B.4
Where:
MSEG = mean square error of the station skew (MSEG = antilog10 [A - B log10(N/10)])
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MSEG gen = mean square error of the generalized skew (=0.302)
A = -0.33 + 0.08|G|
B = 0.94 - 0.26|G|
|G| = absolute value of station skew
N = record length in years
(Interagency Advisory Committee on Water Data, 1981, pp. 12-13)
7. The z-score was adjusted to the Kt freguency factor to account for skew using:
Kt = z +(z2-1)k + 1/3(z3-6z)k2 - (z2-1)k3 + zk4 + 1/3k5 Equation B.5
Where:
k = GW/6
GW = weighted skew coefficient
8. Estimated log10 Q was calculated using:
Log10 Q = βKt + α

Equation B.6

9. The antilog of each log10 Q was taken.
10. A plot was drawn of the Kt (x) values to estimated peak flows Q and a regression
trendline with equation was plotted.
11. The Kt frequency factor values for the 1.01-, 2-, 5-, 10-, 25-, 50-, 100-, and 200-year
return period flows were taken from a table of frequency factors for the log-Pearson
Type III Distribution. (Interagency Advisory Committee on Water Data, 1981,
Appendix 3)
12. The regression equation from Step 10 was used to calculate the flows for the specified
return periods.
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DETERMINING STREAMBED SUBSTRATE HABITAT RECOVERY IN A
FORMER DAM IMPOUNDMENT

Abstract
The effectiveness of dam removal as a method of stream restoration is partially
dependent on the level of habitat recovery achieved in the former impoundment area. The
post-dam removal adjustments of channel cross-section geometric dimensions and bedmaterial characteristics affect habitat recovery. This study analyzes streambed substrate
characteristics and bedload transport potential at three channel cross-sections in the
former impoundment behind the Gunpowder Paper Mill Dam to determine if substrate
recovery has been achieved 70 years after dam failure.
The purpose of this study is to quantify the potential for disturbance to the
substrate habitat from either excessive particle mobilization or sedimentation by
determining which flows control substrate size and sorting characteristics appropriate for
the macroinvertebrate community. Determination of effective flow, streambed sediment
size sampling, and macroinvertebrate sampling at three cross-sections in the incised
channel are conducted in the same short-term and low-technology manner that is used by
many stream restoration decision makers.
The substrate habitat is suitable for a macroinvertebrate community at all three
cross-sections. Habitat limitations at two cross-sections that create a potential
discontinuity in the stream's energy flow are not the result of bedload transport, but may
be caused by impacts of impoundment unrelated to bedload transport. Habitat limitations
at the third cross-section are the result of incomplete adjustment of the channel crosssections geometric dimensions, but do not create a discontinuity in the energy flow of the
stream. Restoration intervention on the streambed is not recommended.
1. Introduction
The effectiveness of dam removal as a method of stream restoration is partially
dependent on the state of habitat equilibrium in the former impoundment area. The postdam removal adjustments of channel cross-section geometric dimensions and bedmaterial characteristics affect habitat equilibrium. This study analyzes streambed
substrate characteristics and bedload transport potential at three channel cross-sections in
the former impoundment behind the Gunpowder Paper Mill Dam to determine if
substrate equilibrium has been achieved 70 years after dam failure.
This study examines the evolution of channel morphology, specifically streambed
sediment size stability, in terms of habitat suitability for the hyporheic community of
macroinvertebrates. One of the physical habitat features that influences organism
distribution is the distribution of sediment sizes on the streambed. (Gordan et al., 1992, p.
296) Current channel cross-section morphology dimension analysis, streambed sediment
size sampling, and macroinvertebrate sampling at three cross-sections in the incised
channel are conducted in the same short-term and low-technology manner that is used by
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many stream restoration decision makers, designers, and evaluators. The data collected
are analyzed to determine the habitat stability of one channel feature - streambed
substrate.
Establishing the level of adjustment to disturbance is important to stream
restoration and watershed planning decisions. It is not always apparent on first
observation whether channel morphology is stable, particularly in incised channels that
develop in former dam impoundment sediments after the dam is breached. A stream is
considered to be stable if channel hydraulic geometry has remained in equilibrium with
the flow rate and sediment load delivered to it so that the flow is just transporting the
sediment load. (Haan et al., l994, p. 405) In other words, neither bed scouring nor silting
would take place, macroinvertebrate habitat would in equilibrium, and, if this condition
persists over time, neither streambed degradation nor aggradation would occur (Leopold
et al., 1992, p. 272).
The purpose of this study is to quantify the potential for disturbance to the
substrate from either excessive particle mobilization or sedimentation by determining
which flows control substrate size and sorting characteristics within a time frame
appropriate to the macroinvertebrate life history. Disturbance is an inherent property of
most communities and states of equilibrium are seldom reached. (Reice, 1994, p. 430)
Disturbance is a key determinant of community structure. (Reice, 1994, p. 429) However,
disturbance should not be so great as to impede the mechanisms for recolonization:
regrowth, migration or recruitment. Such disturbances do occur, of course, but the result
is to create an energy flow discontinuity (temporary or permanent, depending on whether
or not some morphologic or biologic threshold is crossed) in the energetic continuum of a
linear system, such as a stream. In this case, the disturbance was the impoundment from
1781 to 1932 of the Gunpowder Falls River at Hoffmanville by the Gunpowder Paper
Mill Dam.
The degree of streambed substrate stability is measured by several parameters, as
follows. A justification for each parameter is briefly summarized here. Further discussion
can be found in Section 2.2.
1. Macroinvertebrate taxa that are intolerant of marginal habitat conditions and that are
representative of four functional feeding groups are present. This parameter
characterizes the completeness of the macroinvertebrate food web and indicates that
there are not other water quality problems present.
2. Streambed sediment size classes are poorly sorted and coarse particulate organic
material (CPOM) is present. This parameter supports the presence of refugia and food
storage sites.
3. Streambank alluvium has a d10 (diameter for which 10% of the sediment size classes
is finer) in the 0.074 mm or smaller size class. This parameter indicates that
streambank material is cohesive and resistant to erosion.
4. Channel width-to-depth ratio increases proportionally to a decrease in the percent siltclay content of the channel perimeter. This parameter indicates that the channel is
widening appreciably.
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5. The d35 is larger than 2 mm (very fine gravel) and the d65 is smaller than 64 mm
(small cobbles). This parameter indicates that the optimal substrate size range for
macroinvertebrate habitat is present.
6. The dominant particle size (ddom) is greater than d35 and less than d65 (diameter for
which 35% or 65% of the sediment size classes are finer, respectively). This
parameter indicates that substrate size sorting is not skewed towards an extreme.
7. The effective discharge, as identified by channel morphology and annual peak flow
records, occurs that is competent to move ddom, enabling transport of the dominant
particle size delivered to the cross-section. This parameter characterizes the reach as
a transport reach in which the channel-forming flow can remove the same substrate
size range that is delivered to it.
8. The same effective discharge occurs with a return period longer than the life cycle of
the majority of macroinvertebrate taxa. This parameter indicates that the channelforming flow does not occur so often that it disturbs the habitat within the time scale
of the macroinvertebrate life cycle.
9. The effective discharge, as identified by channel morphology and mean daily flow
records, is competent to mobilize the sediment size class smaller than 2 mm so as to
prevent interstitial clogging of habitat by fines, but cannot move ddom. This parameter
indicates that the flow that most affects the streambed on a daily basis can move
sediment sizes that are small enough to clog substrate interstices.
Field data collection methods employed in this study are those commonly used by
stream restoration technicians. Data analysis methods are more rigorous than those
commonly used and extract more information to aid in founding stream restoration
decision-making on ecological principles.
2. Orientation to Study Site Geography and Macroinvertebrate Habitat
Characteristics
2.1. Study Site (adapted from Slawson, 2004a)
The Gunpowder Falls River at the former Gunpowder Paper Mill Dam site drains
27.2 mi2 in the highly dissected landscape of the northern Baltimore and Carroll Counties
in the Maryland Piedmont. When the dam was in place, the impoundment had a surface
area of 3.79 ha (0.015 mi2). The Gunpowder Paper Mill Dam was built in 1781, failed
catastrophically on May 31, 1889, and was rebuilt shortly thereafter. (Seitz, 1946, p. 50)
(Figure 2.1) The dam failed again in May, 1932 and was not rebuilt. Dewatering took
place rapidly.(Figure 2.2)

75

Figure 2.1: Photo by May Seitz, date unknown. Gunpowder Paper Mill Dam with crib
construction. Valley is flooded to the base of the Rockdale The presence of the railroad
and dam in the photo dates it between 1890, railroad construction, and 1932, dam failure.

Figure 2.2: Photo by May Seitz, September, 1932. Impoundment area several months
after the dam breach of May, 1932.
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During the field study of the dam and impoundment site from November 2001 to
January 2002 and November 2002 to February 2003, three cross-sections, GPMA,
GPMB, and GPMC, were chosen as cross-sections that would have been directly affected
by the impounded water. Cross-sections GPMA and GPMB are located in the widest part
of the former impoundment and cross-section GPMC is near the upstream limit of the
former impoundment as shown in Figure 2.3..

Figure 2.3: Map of the site of the former Gunpowder Paper Mill Dam and impoundment
with USGS contour lines. Surveyed transects of channel cross-sections, former dam
location, and land cover are shown.
Before identifying the discharge that is currently controlling streambed sediment
size and sorting, it was necessary to determine what the effective discharge (Qeff) is at
each of the study cross-sections. To calculate the Qeff, the cross-section dimensions of
the channel were measured during a land survey. In addition, soil cores were taken in the
surface of the former impoundment sediments to measure the depth to bedrock or
saprolite approximating the pre-dam surface topography. The channel cross-section
geometry was analyzed to identify all significant breaks in topography. Each break was
used to calculate an associated channel discharge capacity (CDC). Either seven or eight
breaks were identified at each cross-section and were labeled with letters A to H. CDCs
were chosen from channel morphology indicators, such as breaks in slope, limits of
vegetation types, scour lines, and changes in materials. The cross-sectional area for each
CDC was calculated from a plot of the topographic survey. At each CDC stage, potential
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water surface width was measured and mean depth calculated from the area and width.
Station channel bed slope was calculated by measuring the stream length from the station
to the topographic divide on a USGS quadrangle map, determining the length of stream
between a point 10% distance above the station and 85% distance above the station,
determining the elevations at the 10% and 85% points, and dividing the elevation
difference by the length of stream between the two points. (Carpenter,1983, p. 9) The
energy slope was assumed to be the same as the channel bed slope. To calculate velocity,
a series of calculations was made using Manning's equation. (Slawson, 2004a, Appendix
A)
Cross-Section GPMC
Cross-section GPMC's channel surface and bedrock topography, labeled CDCs,
railroad bed embankment, and the probable elevation of the former Gunpowder Paper
Mill Dam are shown in Figure 2.5 and the channel dimensions in Table 2.1. All
elevations are referenced to an arbitrary datum. The most obvious feature in Figure 2.5 is
that the dam elevation is lower than the streambed. There are several possible reasons for
this that would allow for channel impacts from the former impoundment. The first is that
the dam breast from which the survey was taken is lower than the dam had been at some
previous time. The present dam ruins are flat on the top but also covered with vegetation
and it is not clear if the present surface was the original breast surface. Additionally, the
dam failed twice - once in 1889, after which it was rebuilt, and again and finally in 1932.
It is possible that the rebuilt dam was not as high as the pre-1889 dam. No historical
record of the dam heights has been found. The railroad, built in 1890, is very close to the
former impoundment bank and the dam may have been rebuilt to a lower elevation in
anticipation of railroad construction. A USGS topographic map from 1910 and a
Maryland Board of Forestry map from 1914 show the impoundment water surface
reaching to the rapids just upstream from GPMC. Additionally, aerial photography from
1980 (Real Estate Data, Inc., 1982, photogrammetry), shown in Figure 2.4, clearly shows
the outline of the former impoundment ending just upstream from cross-section GPMC.
Regardless of whether or not the dam was rebuilt at a lower elevation after the 1889
failure, the water surface elevation at the upstream end of the impoundment may have
been higher due to the piling up of water in a hydraulic jump as the fast river water hit the
slow impoundment water. The hydraulic jump may have been quite high due to the steep
river bed slope and the geologically confined nature of the valley. The energy loss at the
hydraulic jump would have reduced the flow's ability to transport sediment and it would
have been deposited locally. (Gordan et al., 1992, pp. 284-285) Another possible
explanation for the anomaly may be a surveying inaccuracy. Cross-section GPMC was
shot independently from the other cross-sections due to the obstruction of line of sight
and the difficult terrain. Both ends of the transect were located using a global positioning
system with an error of 8 meters and the coordinates were plotted on a digital USGS
topographic map. Because there was no USGS or other benchmark in the area, the
elevations for the cross-section survey plot and the dam were estimated from the
topographic map with 20-foot contour intervals.
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GPMC

GPMB
GPMA
dam

Figure 2.4: Aerial photograph flown in April 1980 by Real Estate Data, Inc. for the
Baltimore County Office of Planning. Locations of the former dam and impoundment
and the three study cross-sections have been added.
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GPMC Channel Cross-Section Surface and Bedrock Topography with
Channel Discharge Capacities (CDCs)
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Figure 2.5: Topography of GPMC from land survey and bedrock topography from soil
cores. CDCs are labeled A-H. Flow is towards the reader.
CDC
A
B
C
D
E
F
G
H

Crosssection
area
(m2)
36.46
31.22
14.11
2.09
6.04
15.79
39.72
47.38

Mean
depth
(m)

Surface
width
(m)

Manning's
n

Slope
%

Hydraulic
radius
(m)

Velocity
(m/s)

Discharge
(m3/s)

Width/
depth
ratio

1.77
1.58
0.77
0.17
0.44
0.86
1.80
1.41

20.57
19.81
18.29
12.57
13.72
18.29
22.10
33.53

0.0561
0.0578
0.0747
0.9747
0.1039
0.0711
0.0559
0.0602

0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70

1.51
1.36
0.71
0.16
0.41
0.79
1.55
1.30

1.97
1.78
0.89
0.03
0.45
1.01
2.00
1.66

71.68
55.42
12.60
.05
2.70
15.88
79.39
78.52

11.61
12.54
23.71
75.62
31.15
21.18
12.30
23.73

Table 2.1: Channel cross-section GPMC dimensions.
Cross-Section GPMB
Cross-section GPMB's channel surface and bedrock topography, labeled CDCs,
railroad bed embankment, forest road, the probable elevation of the former Gunpowder
Paper Mill Dam, and the present elevation of the dam breach are shown in Figure 2.6 and
in detail in Figure 2.7 and channel dimensions are shown in Table 2.2.
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GPMB Channel Cross-Section Surface and Bedrock Topography
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Figure 2.6: Topography of GPMB from land survey and bedrock topography from soil
cores. Flow is towards the reader.
GPMB Channel Cross-Section Surface and Bedrock Topography with Channel
Discharge Capacities (CDCs) - detail
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Figure 2.7: Detail of topography of GPMB from land survey and bedrock topography
from soil cores. CDCs are labeled A-H. Flow is towards the reader.
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Crosssection
area
(m2)
117.06
54.58
29.38
14.40
8.07
2.32
5.11
113.81

CDC
A
B
C
D
E
F
G
H

Mean
depth
(m)

Surface
width
(m)

Manning's
n

Slope
%

Hydraulic
radius
(m)

Velocity
(m/s)

Discharge
(m3/s)

Width/
depth
ratio

3.45
2.17
1.31
0.86
0.56
0.18
0.35
3.39

33.91
25.15
22.48
16.76
14.48
12.95
14.48
33.53

0.0341
0.0354
0.0375
0.0398
0.0432
0.0625
0.0484
0.0342

0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60

2.87
1.85
0.78
0.78
0.52
0.17
0.34
2.82

4.59
3.31
2.30
1.65
1.16
0.39
0.78
4.53

536.96
180.41
67.54
23.79
9.35
0.90
3.96
515.97

9.82
11.59
17.20
19.52
25.99
72.25
41.02
9.88

Table 2.2: Channel cross-section GPMB dimensions.
Cross-Section GPMA
Cross-section GPMA channel surface and bedrock topography, labeled CDCs,
forest road, the probable elevation of the former Gunpowder Paper Mill Dam, and the
present elevation of the dam breach are shown in Figure 2.8 and channel dimensions in
Table 2.3. There is a remnant dam footer still in the bottom of the breach that controls
bed grade at this cross-section.
GPMA Channel Cross-Section Surface and Bedrock Topography
with Channel Discharge Capacities (CDCs)
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Figure 2.8: Topography of GPMA from land survey and bedrock topography from soil
cores. CDCs are labeled A-G. Flow is towards the reader.
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CDC
A
B
C
D
E
F
G

Crosssection
area
(m2)
88.72
44.13
44.13
17.19
12.54
3.72
146.32

Mean
depth
(m)

Surface
width
(m)

Manning's
n

Slope
%

Hydraulic
radius
(m)

Velocity
(m/s)

Discharge
(m3/s)

Width/
depth
ratio

2.08
1.48
1.81
0.87
0.82
0.27
2.91

42.67
29.72
24.38
19.81
15.24
13.72
50.29

0.0315
0.0322
0.0316
0.0338
0.0339
0.0411
0.0310

0.69
0.69
0.69
0.69
0.69
0.69
0.69

1.89
1.35
1.58
0.80
0.74
0.26
2.61

4.03
3.15
3.56
2.11
2.01
0.83
5.08

357.64
139.04
157.28
36.31
25.20
3.07
743.12

20.52
20.01
13.47
22.84
18.52
50.62
17.29

Table 2.3: Channel cross-section GPMA dimensions.
2.2. Hyporheic Habitat
The hyporheic (hypo = under, rheos = flowing water) zone is the ecotone that
defines the physical interface between stream flow and groundwater flow. In this zone,
water, nutrients, and organic materials are exchanged (Boulton et al., 1998, p. 59) and the
zone provides habitat for a variety of macro- and meio-fauna that spend all (hyporheos)
or part (occasional hyporheos) of their life cycles there. This study focuses on the
physical habitat associated only with the upper ten cm (streambed) of the hyporheic zone.
While habitat quality depends on a variety of physical characteristics of the
stream and surrounding aquifer, including water movement (upwelling and
downwelling), substrate grain size, make-up of the biotic community, and
physiochemical processes (Boulton et al., 1998, p. 60), the hyporheic habitat quality is
greatly dependent on the presence of substrate interstices free of the fine sediment that
inhibits permeability (Ward and Stanford, 1989, p. 61, Boulton et al., 1998, p. 63).
Reduction of substrate permeability by clogging with fine sediments reduces interstitial
flow and the cycling of nutrients, gases, and wastes. (Gordan et al., 1992, p. 297; Boulton
et al., 1998, p. 64; Simon, 2003, p. 422) Hyporheic grain size and sorting accounted for
the greatest amount of variance in hypogean taxa in gravel bed streams in New Zealand
(Olsen and Townsend, 2003, p. 1373). The physical characteristics of the surface of the
streambed substrate also influence habitat value for many of the epigean faunal
communities during different parts of their life cycles. Substrate size and sorting affected
the suitability for wild brown trout redd density in a central Pennsylvania stream. (Beard
and Carline, 1991, p. 716) Substrate sediments provide flow refugia (Rempel et al., 2000,
p. 8) and in a flume study, sediment sorting was found to correlate positively with
dislodgment of some taxa of macroinvertebrates and with mortality for other taxa.
(Holomuzki and Biggs, 2003, abstract)
In-stream sediment transport and storage capacity vary with the reach features and
flow seasonality that characterize the energy flow in the system. A stream reach may be
either a sediment production, a transport (graded) or a deposition reach depending on
stream competence, which can change with variations in stream flow and sediment load.
With stable land use and cover in the contributing watershed, a reach will generally
maintain over time a particular channel morphology and ecology appropriate to the
particular transport and storage regime. An indicator that a reach is a transport reach is
total bed-material load transport equilibrium, or the situation or the state at which the
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sediment sizes and size distribution that wash into the reach are also removed. (Gordan et
al., 1992, p. 300) Such a transport reach, or one with minimum energy loss, should
provide hyporheic and substrate surface habitat suitable for macroinvertebrate species
because the structural and functional characteristics of stream communities are
appropriate to the average condition of the physical system. (Vannote et al., 1980, p. 130)
In the case of the streambed substrate transport condition, macroinvertebrate voltinism, or
number of complete generations produced annually (Hereghan, 1999, webpage), would
be appropriate for the substrate disturbance periodicity. A sediment production reach, or
one with excess transport energy, may experience flushing flows that remove the smaller
substrate grain sizes, destroy flow refugia, dislodge certain taxa, and injure or kill others.
(Gordan et al. 1992, pp. 296-7) A sediment deposition reach, or one with significant
energy loss, may have substrate sediments fine enough to limit materials exchange into
and out of the substrate and bury surface roughness that provides flow refugia from
hydraulic stress and current dead zones where organic material may be stored.(Rempel et
al., 2000, p. 58; Gordan et al., 1992, p. 297)
Macroinvertebrates are divided into functional feeding groups based on how they
process food. They are all heterotrophic and most consume allochthonous materials,
though some are predators and others graze on autochthonous materials. (Vannote et al.,
1980, p. 132-3) The macroinvertebrates in the Gunpowder Falls River at Hoffmanville
fall into four groups: shredders, gatherers, filterers, and predators. Another grouping for
macroinvertebrates is the flow exposure group, based on the where in the flow they carry
out their life cycles: obligates, facultatives, and avoiders. (Rempel et al., 2000, p. 64)
Different species have different substrate preferences and requirements, such as
average particle size, size mix, size of pore spaces, packing and embeddedness, and
surface roughness. (Gordan, et al., 1992, 296) The greatest taxa richness is usually related
to complex substrates made up of cobbles, gravel, and sand, such as the substrate in
riffles that provides the richest habitat for aquatic insects. (Gordan et al., 1992, p. 22)
Evidence suggests that macroinvertebrate diversity declines when substrate size reaches
the cobble size class (64 mm). (Allen, 1995, webpage) Richness and abundance increase
with substrate stability and increased organic detritus trapping, which correlates with
intermediate sediment sizes. (Allen, 1995, webpage) Some macroinvertebrate taxa are
very sensitive to less than ideal habitat situations, such as the EPT group (Ephemeroptera,
Plecoptera, and Trichoptera); yet others, particularly the Chironomidae, can tolerate a
wider range of habitat characteristics, and others are very tolerant of marginal habitats.
(Schueler and Holland, 2002, p. 108) Mayfly (Ephemeroptera) larvae are often found on
substrates of particular sizes. (Mandaville, 1999, webpage) In this study,
macroinvertebrates are categorized in the following groups based on tolerance to habitat
degradation.
Group I: Sensitive or intolerant
Group II: Somewhat sensitive or facultative
Group III: Tolerant
(Schuylkill Center, 1998, pp. 5-38)
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Macroinvertebrate sensitivity groups are usually used to illustrate community response to
pollutants. Sediment load is frequently an indicator of related water quality problems,
because pollutants may be mobilized along with sediment or turbidity may be high.
Erosion of bank and bed sediments may mobilize adhered pollutants and suspended
sediment can cause direct water quality problems by increasing turbidity and releasing
previously stored organic material that may encourage biologic processes that deplete
dissolved oxygen. While many of the critical habitat characteristics are associated with
water quality, such as temperature and pollutants, macroinvertebrate diversity and density
may be indicators of hydraulic conditions as well. A fully mobile streambed may indicate
that flushing flows are frequent. Macroinvertebrate species or habitats may be destroyed
if flushing flows are too frequent or ill-timed for their life cycles. (Simon, 2003, p. 422.)
In addition to macroinvertebrate taxa richness, the taxonomic abundance is also of
concern. The following abundance code was used to categorize macroinvertebrates from
streambed samples.
R (rare): 1 to 9 individuals per cross-section sample
C (common): 10 to 99 individuals per sample
D (dominant): 100 + individuals per sample
(Schuylkill Center, 1998, p. 1)
Methods
3.1. Determining Potential Streambank Sediment Contribution to Bedload
Width-to-depth ratio is an important component of hydraulic geometry. In streams
that are in quasi-equilibrium, neither aggrading nor degrading, a wider, shallower channel
(higher width/depth ratio), with higher velocities located near the streambed, more
efficiently transports coarse-grained bedload. Narrower, deeper stream channels (lower
width/depth ratio) are more efficient at transporting suspended sediment. (Ritter, et al.,
1995, p. 212) In alluvial stream channels, erosion of sediment from streambanks can
contribute significantly to bedload if the streambank materials are erodible and dense
enough so as not to be transported as suspended load. Cohesive, consolidated silts and
clays in the channel perimeter are as effective as boulders in resisting erosion by stream
flow. (Reice, 1994, p. 430) Schumm (1960) suggested that the nature of channel
perimeter sediment defines channel width-to-depth ratio. The percentage of particles of
sizes smaller than 0.074 mm (silt-clay) is greater in narrower, deeper channels and less in
wider, shallower channels. (Schumm, 1960, p. 21 )
Field and Laboratory Procedures
Particles in the size classes of 0.074 mm or less will pass through the US Standard
Sieve No. 200. This size is the delineation between fine sand and silt-clay because
sediment of this size or smaller is less well drained and capillarity increases. (Schumm,
1960, p. 18) The streambank materials at the three study cross-sections were analyzed
for silt-clay content, dominant sediment size class, and maximum sediment size class.
Sediment less than 0.074 mm is the matrix in which larger sediment sizes are fixed.
Usually the critical determinant of silt-clay as a matrix is the cumulative percent diameter
of d10, the diameter for which 10% of the sediment is finer. With a decreasing d10 value,

85

permeability is lower and cohesion is higher, which suggests that this sediment fraction
accounts for the increased resistance of alluvium to erosion. (Schumm, 1960, p. 18) Soil
cores were taken as close to the channel bank as field conditions would permit, using a
0.3 m hand augur. Each 0.3 m of core was examined for changes in color, structure, and
texture and for the presence of mottles indicating water table fluctuation, plant material,
odors indicating anaerobic processes, and archaeological artifacts. Samples were taken in
every 0.3 m of core and cores extended to the depth where saprolite impeded the augur. If
a variation was noted in the field, more than one part of the 0.3 m core was sampled.
Each sample was air dried. The sample was analyzed in the laboratory for characteristics
that would indicate soil development, using the following steps.
1. The dry sample was sub-sampled.
2. The sub-sample was dampened.
3. The sub-sample’s color was examined under full-spectrum light and was categorized
by Munsell hue, value, and chroma (Color Communications, 1996).
4. The sub-sample was hand-analyzed for approximate texture (sand, silt, and/or clay).
In the laboratory, the samples were processed to determine sediment size classes using
the following steps.
1. The dry sample was sub-sampled (≈ 2.0 g) and weighed.
2. The sample was placed in a container with a No. 200 US Standard Sieve (0.074mm,
Ф = 3.76) and washed with a water jet.
3. The sample fraction that did not pass the No. 200 sieve, was placed in a microwave
oven and dried for five minutes.
4. The dried sample was weighed to obtain a washed weight.
5. The dried sample was passed through a series of six stainless steel screen sieves in a
Keck Sand Shaker Mechanical Sieve Field Analysis Kit: No. 100 (0.15 mm, Ф =
2.71), No. 40 (0.38 mm, Ф = 1.39), No. 35 (0.54 mm, Ф = 0.89), No. 10 (1.91 mm, Ф
= -0.93), No. 6 (3.35 mm, Ф = -1.75), and No. 4 (4.75 mm, Ф = -2.25). The amount
that passed the No. 100 sieve was assumed to be retained by the No. 200 sieve.
6. The amount retained by each sieve size was weighed.
7. The difference between the dry sample weight and the washed weight was assumed to
be the part that had passed the No. 200 sieve (<0.074 mm, Ф > 3.76).
8. Each washed sample was examined under a stereoscope to determine general parent
material (quartzite or micaceous schist) and to identify any organic material.
Data Analysis
Two analysis methods were used to ascertain whether streambank material was
likely to erode. The first was to determine the sediment size of the cumulative d10. The
cumulative percent of size classes finer than 0.074 mm was identified. If d10 was greater
than 0.074 mm, silt-clay materials were not considered to be a cohesive, erosion-resistant
matrix. If the d10 was equal to or less than 0.074 mm, it was considered to be a erosionresistant matrix, with resistance increasing with decrease of the d10 value.
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The second method was to determine if the channel width-to-depth ratio
decreased with increase in silt-clay content (decreased value for d10) of the streambanks.
Width-to-depth ratio is important because the wider the stream, the greater the ratio of
flow velocity acting on the streambed will be than that acting on the streambanks.
(Schumm, 1960, p. 22) For each core sub-sample, the weight of the two sediment size
classes smaller than 0.074 mm were summed and divided by the dried sub-sample weight
to determine the percent of silt-clay. This percent was corrected by the length of the core
and the results for the sub-samples were summed for the total percent of silt-clay for the
entire core depth. For GPMB and GPMA, only one core was needed to characterize the
silt-clay content for the streambank. At GPMC, no single core could sample the entire
depth of material because bedrock or saprolite topography intersects the cross-section
surface topography in several locations. Results from cores on consecutively lower
landforms were stacked to create a complete sediment profile.
Using data from a variety of streams, Schumm demonstrated a power relationship
between channel width-to-depth ratio and percent silt-clay in the channel perimeter, as
shown in Equation 3.1.
F = a M-x

Equation 3.1

Where:
F = width/depth ratio (dimensionless)
-x = average change
M = percent of silt and clay (d<0.074 mm) in channel perimeter
a = coefficient
M = (Sc w + Sb 2d)/(w + 2d)

Equation 3.2

Where:
Sc = percentage of silt-clay in streambed (%)
Sb = percentage of silt-clay in streambanks (%)
d = channel depth (m)
w = channel width (m)
(Schumm, 1960, p. 21)
This method was used with some variations. Because only one bank at each crosssection will contribute sediment during high flows, in solving for M, Sb x 2d was
changed to Sb x d. The other bank at each cross-section will not contribute sediment
either because it is very well vegetated or it is bedrock. At GPMA, the one bank that
would contribute sediment will only do so for the bottom section as the top is wellvegetated and the appropriate adjustment was made. Width-to-depth ratios were plotted
against the percent silt-clay in the perimeter and a regression curve fit to the data points.
The data were analyzed to determine whether or not width-to-depth ratio could be
explained by the percent of silt-clay in the channel perimeter. If they varied inversely
with a high coefficient of determination (R2), so that CDCs with greater elevations were
proportionally deeper and narrower, it was concluded that the streambanks were cohesive
and resisted erosion and did not contribute much sediment to the flow even during large
flow events. In this case, if channel erosion does occur, it occurs preferentially as
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streambed scour. If no erosion occurs, then material is transported through the crosssection as bedload.
3.2. Bedload Sediment Transport Rate Calculations
Effective flow is the channel-forming flow and, as such, controls bedload
transport. The return period of the effective flow directly effects the substrate habitat
suitability for the macroinvertebrate community. Effective flow can be determined from
the peak of the curve calculated as the product of the bedload transport rate associated
with discharge and the frequency of that discharge. Bedload transport rate is related to
bed sediment particle size and channel energy slope. Near-bed flow in a shallow, rapid
stream is always turbulent because of high velocity flows over extreme bed surface
roughness. (Ward, 1992, p. 4) Turbulence increases with particle diameter heterogeneity,
thereby increasing lift potential. The bedload transport rate increases with particle size
until particle size and, therefore weight, becomes too great and the dynamic lift forces are
insufficient to move the particle. Various workers in sediment transport theory have
proposed different sediment diameters as the crucial maximum that must be at the point
of incipient motion to indicate that a flow will transport bedload. The dominant particle
size (ddom) on the streambed is the diameter that is the most prevalent on the streambed,
as determined from the pebble count.(Rosgen, 1996, p. 5-26) D50 is probably the best
single size to represent a sediment mixture. However, depending on the gradation of sizes
in a mixture, the d50 may not best represent the transport or settling properties of the
mixture. (Haan et al., 1994, p. 214) D84 is used to determine streambed roughness in the
Manning's roughness (n) calculation. (Mecklenburg, 1999, spreadsheet) Einstein's (1950)
studies showed that the movement of mixed bedload sediment is related to the grain
resistance of the diameter d35. (Maidment, 1993, p. 12.24)
While it is possible to measure bedload transport rates, it is time consuming and
must be done at a variety of discharges to adequately describe the transport capacity of
the channel. In contrast to direct measurement, bedload transport rates can be calculated
using a variety of approaches with easily and quickly obtained bed particle size
distribution data. At-a-station bed particle sizes can be determined using a pebble count
procedure. (Wolman, 1954) Pebble counts were done at low flow, so results represent the
maximum range of sizes that would be available. The dimension of the median particle
axis was measured for 10 randomly sampled particles in each five feet of stream bed
width and the results were sorted into particle size classes. This was done at the three
surveyed cross-sections. The particle sizes smaller than 2 mm and greater than 256 mm
could not be measured exactly, either because they were too small or were embedded in
the stream bottom. The sample counts at these two extremes were distributed evenly over
several size ranges, which accounts for a relative flatness of the percent frequency of
occurrence curve at the low and high ends of the particle size range. Sediment particle
size in the former impoundment varies considerably at each channel cross-section and
between cross-sections.
Particle sorting is also important for macroinvertebrate habitat and the Andrews
Sorting Index (1983) was used to identify sorting level from the pebble counts.
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Sorting Index = 1/2 (d84/d50 + d50/d16)

Equation 3.3

Where:
dx = median particle diameter finer than x% (mm)
(Andrews, 1983 in Gordan et al., 1992, p. 212)

Einstein (1942) developed a formula for bedload sediment transport in turbulent
flow based on the probability that a particle would be dislodged from the streambed that
was a function of the hydrodynamic lift force being greater than the particle's submerged
weight. (Haan et al., 1994, p. 224) The particle would then move in a series of hops until
it reached a point where the submerged weight exceeded the lift force. (Haan et al., 1994,
p. 224) Two dimensionless parameters were developed: a flow intensity parameter (ψ)
that is a function of mean bed shear stress and particle size and specific weight (Luque
and van Beek, 1976, p. 132) and a sediment transport parameter (Φ) or intensity of
transport for an individual grain size that is a function of grain size and settling velocity.
Fall velocity is represented by a settling velocity factor (F) based on fluid viscosity and
sediment specific gravity and a lift force defined by the velocity at the top of a laminar
sublayer. (Haan et al. 1994, p. 224) Einstein's bedload equation has been described as
"the most important comprehensive analysis available". (Maidment, 1993, p. 12.24)
Einstein's (1942) bedload transport function, as used in this study, is presented in the
Appendix. (Haan et al., 1993, p. 224)
It is important to remember that the estimated sediment transport rates cannot be
used to calculate actual bedload, but only potential bedload. Because no bedload samples
were collected and analyzed, it is not known to what extent particle hiding, bed armoring,
and imbrication, all factors common in mixed sediment size streambeds, are affecting
actual bedload. Therefore, the calculated potential bedloads are those that would be
possible if all the sediment sizes and percents of total sediment distribution by size (from
the pebble counts) are actually available for transport.
While channel discharge capacity (CDC) determines which flow will transport the
most bedload during a given event, it does not determine the channel-forming capability
of a flow over time. While a very large flow will move an enormous amount of material,
large flows are rare and channel form may well recover before the next recurrence of the
large flow event. The flow that is large enough and recurs frequently enough to determine
channel form is effective flow (Qeff). The potential bedload transport rate (kg/s) was
calculated using Einstein's formula for each sediment size class for each CDC and
multiplied by the percent of that class size present on the streambed as determined from
the pebble count. To determine Qeff, a discharge record was chosen that would provide
the most information. Two flow records, the peak annual discharge and the mean daily
discharge, were available - both of which are synthetic flow records developed as
described elsewhere. (Slawson, 2004a, pp. 10-13) Because the range of flows of interest
were those of the CDC stages chosen from channel morphologic indicators, the discharge
record histograms had to provide frequency information about flows that matched or
were close to those of the CDCs. Usually, only one record is used to find the flow
frequencies. However, due to the ambiguity of the channel geometry as an indicator of
dominant flow, it was decided to use both records. The potential bedload for each CDC
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stage was then multiplied by the relevant event frequency of both flow records to create
two sediment discharge rating curves. The peak of the curves indicates the effective
discharge or the flow that recurs frequently enough and transports enough material to be
considered a dominant or channel forming flow.
3.3. Macroinvertebrate Sampling
The focus of this study is on the post-impoundment recovery level of sediment
size, sorting, and stability in the substrate habitat used by macroinvertebrates. To provide
additional evidence about habitat recovery, limited macroinvertebrate sampling of
juvenile stages of aquatic insects was undertaken. Macroinvertebrates were sampled to
determine if this community was represented on the streambed and to provide some
evidence of taxa richness and taxonomic density relative to substrate conditions.
However, substrate characteristics are only one set of factors that may affect the
macroinvertebrate community. Water quality conditions, such as temperature, pH,
dissolved oxygen, and concentrations of nutrients and toxins, affect macroinvertebrate
communities and were not tested in this study. Other habitat conditions, such as turbidity
and the presence of coarse particulate organic matter, were addressed indirectly through
analysis of silt-clay material erosion and by substrate sampling, respectively.
During October, 2003, the substrate was sampled for macroinvertebrates using the
"Biosurvey: Macroinvertebrate Collection Procedure for Wadable Rocky Bottom
Streams", as described in the "Volunteer Water Quality Monitoring Field Manual"
compiled by the Schuylkill Center for Environmental Education, the Environmental
Alliance for Senior Involvement, and the Citizens' Volunteer Monitoring Program of the
Pennsylvania Department of Environmental Protection (1998). This procedure was
chosen because it is widely used by many citizen volunteer monitors. The steps outlined
below were followed.
1. Sample sites were identified at the riffle in the cross-section (GPMC and GPMB) or
in the nearest riffle upstream of the cross-section (GPMA is in a deep run downstream
of a riffle).
2. The sampling sites were approached from downstream so as not to disturb the
sampling site.
3. A kick net was placed at a 45 degree downstream angle with its bottom edge on the
streambed and weighted with stones to hold the bottom edge down.
4. A one meter by one meter area upstream of the kick net was searched for large rocks
(diameter > 30 cm). Each large rock was picked up and scrubbed with a brush so that
any organism on it was washed into the net. Cleaned rocks were placed outside the
sample area.
5. The top five to seven centimeters of the one meter square area was thoroughly stirred
up by feet for three minutes.
6. Anchoring rocks were removed and cleaned.
7. The kick net was picked up from the bottom edge with a forward scooping motion,
rolled into a cylinder and placed in a bucket.
8. The contents of the net were flushed or picked into the bucket.
9. The organisms were sorted into trays by type.
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10. Each type was identified to at least the order taxonomic level and, where possible, to
the family level. A magnifying glass and a stereoscope were used for identification,
along with the "Biosurvey: Identification Chart" (Schuylkill Center, 1998, p. 35).
11. Abundance in each taxon was counted.
12. Organisms were returned to the stream.
Sampling results were categorized by functional feeding group, flow exposure group,
tolerance to marginal habitat, and abundance code. These categorizations were
qualitatively analyzed in terms of effective discharge return period, bedload size class
transport potential, and the silt-clay content of the streambanks. The data was analyzed
quantitatively in terms of direction of change of the percent present of allochthonous
material (CPOM and detritus) and gravel and for channel depth.
4. Results and Discussion
While the part of the Gunpowder Falls River studied was probably not
particularly alluvial prior to European contact (Slawson, 2004c), the post-breach
landforms in the former impoundment sediments are alluvial because so much sediment
was deposited in the impoundment. Logging and agricultural practices that did not utilize
soil conservation methods ensured that much of the pre-contact topsoil eroded from the
uplands. (Slawson, 2004c) Channel morphology in most alluvial streams is formed from
bedload sediment transport. (Biedenharn et al., 2000, p. 10)
In this section, the possibility of streambank erosion sediment contribution to
bedload is explored in terms of streambank silt-clay content and the relationship of
channel width-to-depth ratio to silt-clay content. Both particle sorting and size classes,
the transport rate for the particle sizes available as potential bedload, and the effective or
channel-forming discharge are also analyzed.
4.1. Potential Contribution of Streambank Materials to Bedload
The first point of fact that must be determined is whether the streambank material
is indeed alluvial sediments and not soils. Each 30 cm core sample was examined for
horizonation and ped structure indicative of soil formation. No obvious horizon
development or ped structure was noted, except as discussed later.
Sediment color was also analyzed. Hue, which is usually indicative of parent
material in undifferentiated sediments and young soils (Jenny, 1941, p. 144), was largely
uniform at 10YR, which indicates that the sediment originally came from older soils.
GPMC and GPMA had the same hue throughout and GPMB had the same hue in the
upper 87% of the core, but changed to 2.5Y in the lower 13%, a point that also marks the
top of the water table. While no leaf litter layer was found in the GPMB core, a leaf litter
layer was found near CDC-G in a streambank cut at about the same elevation. A decrease
in hue number may be associated with an increase in soil development. (Birkeland, 1999,
p. 20) This change in hue at GPMB may mark the elevation of the pre-impoundment
floodplain. Figure 4.2 shows the percent silt-clay content with core depth for GPMB.
There is a decrease in silt-clay content at the surface and another near the very bottom
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corresponding with the change in color hue discussed above, possibly associated with a
pre-dam floodplain surface.
Sediment value and chroma were also analyzed. Value, an indicator of soil
moisture content (Brady and Weil, 1996, p. 100), was a uniform 4 throughout the cores at
GPMB and GPMA, which indicates moderate wetness. Chroma, an indicator of drainage
capability (Brady and Weil, 1996, p. 100), was a uniform 4 for most of the cores at
GPMB and GPMA, which indicates that the sediments are moderately well-drained.
Chroma varied in the lower parts of the cores, dropping to lower numbers indicative of
poorer drainage. This is consistent with an area of a fluctuating water table elevation.
Value and chroma at GPMC were a uniform 4, except in one of the stacked cores. This
core was taken on the surface of what is thought to be a depositional feature (CDC-F). A
progression to higher numbers with core depth for both value and chroma suggests drier
material and improved drainage. Sediment diameter increases with depth, supporting the
determination that this feature is depositional. Figure 4.1 shows high silt-clay content for
most of the depth of the three stacked cores at GPMC. The one exception is the lower
silt-clay content in the middle of the stacked core, taken at CDC-F, a suspected floodplain
and depositional feature. Figure 4.3 shows a drop in silt-clay content near the top of the
GPMA core. This lowered silt-clay content may cause this part of the sediment to erode
more easily during either flood or overland flow. With the exceptions of the GPMB
CDC-G and GPMC CDC-F, all bank materials were determined to be remnant
impoundment sediments and not developed soils or post-dam breach depositional
features.
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Figure 4.1: Change in percent silt-clay content with core depth at GPMC.
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GPMB Change in Silt-Clay Content with Core
Depth
0.0

core depth (m)

0.5
1.0
1.5
2.0
2.5
3.0
10

20

30

40

50

60

70

80

70

80

% silt-clay content by weight

Figure 4.2: Change in percent silt-clay content with core depth at GPMB.
GPMA Change in Silt-Clay Content with Core Depth
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Figure 4.3: Change in percent silt-clay content with core depth at GPMA.
In the streambanks, the cumulative percent of sediment for which 10% is finer
was also investigated. The cumulative percents for streambank sediment size classes are
shown in Table 4.1. Because it was so small, the diameter for which 10% of the sediment
is finer could not be determined exactly, but it is less than 0.05 mm. A significant percent
of the streambank at all three cross-sections is silt-clay; however, the silt-clay cumulative
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percent is quite a bit lower for GPMA than for the other two cross-sections. Silt-clay
forms the bank material matrix, and resistance to erosion due to streambank material
cohesiveness is high. Should occasional bank failure occur during extreme flow events,
the 90% fraction is small enough (≈ 0.54 mm) (Table 4.1) to be carried as suspended
sediment and deposited in the Prettyboy Reservoir and not on the channel substrate in the
former impoundment.
Sediment Core Size Classes and Cumulative Percent
cross-section
size classes (mm)
% of core
cumulative % (dx)
0.05
39.35
39.35
GPMC
0.07
12.37
51.72
0.15
19.92
71.64
0.38
5.57
77.21
0.54
9.92
87.13
1.91
5.95
93.08
3.35
3.35
96.43
4.75
3.57
100.00
0.05
26.53
26.53
GPMB
0.07
23.59
50.11
0.15
17.00
67.11
0.38
6.25
73.36
0.54
16.89
90.25
1.91
6.79
97.04
3.35
1.18
98.22
4.75
1.78
100.00
0.05
24.96
24.96
GPMA
0.07
9.45
34.41
0.15
28.27
62.68
0.38
11.01
73.69
0.54
21.24
94.93
1.91
3.94
98.87
3.35
1.13
100.00
4.75
0.00
100.00
Table 4.1: Streambank sediment size classes from cores by percent and cumulative
percent. Cumulative percents in bold type indicate the cumulative percent (dx) for siltclay. For example: at GPMA, 34% of the streambank materials is silt-clay (d34).
While silt-clay percents indicate that streambank material cohesion is providing
resistance to erosion so that the streambanks are not contributing significantly to bedload
sediment, the channel width-to-depth ratio at progressively higher CDC stages should
also support this conclusion. Figure 4.4 shows the width-to-depth ratio plotted against the
weighted mean percent silt-clay at the five GPMC CDCs for which it was possible to
determine silt-clay content. The coefficient of determination indicates that the variation in
width-to-depth ratio can be explained by the variation in silt-clay content at this crosssection. Width-to-depth ratio increases proportionally to a decrease in percent silt-clay.
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Two opposing processes are at work here: the discharges at CDC-E and F tend to widen
the stream because the silt-clay percent is lower; whereas the discharges are more apt to
change the morphology of the streambed as the velocity to contact distance ratio acts
more on the bed than on the banks. Conversely, the discharges at CDC-A, B, and G tend
to deepen the channel because the silt-clay percent is higher, but the velocity to contact
distance ratio ensures that the flow will act preferentially on the banks. Only the southern
bank is vulnerable to erosion, due to lack of vegetative cover. The lower elevation flos
have a lower return period so will occur more frequently. This analysis suggests that the
CDC-E and F flows will act on the streambed more than the CDC-A, B, and G flows will
act on the streambanks, due to both the relative return periods of the flows and the
percent silt-clay content at the different elevations in the streambanks. Therefore, the
incised nature of the channel will persist and the supply of fine sediment from
streambank erosion is very limited.
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Figure 4.4: Change in channel width-to-depth ratio with the weighted mean percent of
silt-clay at cross-section GPMC.
Figure 4.5 shows the width-to-depth ratio plotted against the weighted mean
percent silt-clay at the six GPMB CDCs for which it was possible to determine silt-clay
content. Width-to-depth ratio increases in proportion to a decrease in percent silt-clay.
The coefficient of determination indicates that the variation in width-to-depth ratio can be
explained by the variation in silt-clay content at this cross-section. CDC-F has the most
impact on the streambed. Only the northern bank is vulnerable to erosion because of
steepness and lack of vegetative cover on the lower half. The silt-clay content is quite
high for most of the core accounting for the uniform change in width-to-depth ratio, so
cohesion strength is high and the northern bank is unlikely to contribute significant fine
sediment from erosion.
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GPMB Relation Between Width/Depth Ratio &
Weighted Mean Percent Silt-Clay
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Figure 4.5: Change in channel width-to-depth ratio with the weighted mean percent of
silt-clay at cross-section GPMB.
Figure 4.6 shows the width-to-depth ratio plotted against the weighted mean
percent silt-clay at the five GPMA CDCs for which it was possible to determine silt-clay
content. Width-to-depth ratio does not increase proportionally to a decrease in percent
silt-clay. The coefficient of determination indicates that the variation in width-to-depth
ratio cannot be explained by the variation in silt-clay content at this cross-section. This
may be explained by the fact that the northern streambank is bedrock and only the bottom
meter of the southern bank can erode, as the balance is well-vegetated. If CDC-B and -C
are not included in the analysis, the variation prediction is quite good (R2 = 0.9858). If
these two CDCs are not a result of fluvial process, which their discharge return periods of
20 and 26 years respectively may suggest, then only the CDCs at lower elevations are
formed by fluvial process and the elimination may be warranted.
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GPMA Relation Between Width/Depth Ratio &
Weighted Mean Percent Silt-Clay
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Figure 4.6: Change in channel width-to-depth ratio with the weighted mean percent of
silt-clay at cross-section GPMA.
Botanical evidence can provide some evidence about the rate of streambank
erosion since dam failure. A tree core reveals that one sycamore (Platanus occidentalis) is
49 years old and located on the very edge of the high eroded bank just upstream from
GPMA. The stream has undercut the roots of this tree by 1.6 meters, a minimum average
lateral erosion rate of 0.03 m per year over the life of the tree. (Figure 4.7) If this rate has
been constant, a minimum lateral distance of 2.13 m of streambank would have been
eroded since dam breach. The maximum lateral erosion rate may be much higher
depending on how far the tree originally was from the stream channel and on changes in
land cover in the watershed. If the current height of the bank is used as a proxy for the
height of the impoundment sediments after initial channel incision, a minimum, per unit
length of bank, sediment volume of 2.49 m3 will have eroded from the channel bank
since 1932. Even if this volume is off by an order of magnitude, the annual volume of
fine sediment from the bank would still only be 0.35 m3 per year, which is probably not a
habitat-altering amount in terms of clogging of substrate interstices or of increasing
turbidity.
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1.6 m
1.17 m

Figure 4.7: Sycamore upstream from GPMA on river right showing extent of undercut
erosion below root zone.
4.2. Potential Bedload Transport
The determination of potential bedload can be approached in two ways. The first
is to determine the existing sediment sizes and sorting on the streambed, because what is
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currently present reflects transport processes. The second approach is to determine what
transport processes may be occurring based on channel discharge capacities (CDCs) and
the availability of streambed sediment size classes.
4.2.1. Pebble Counts and Particle Sorting
Figure 4.8 compares the cumulative "finer than" percents of the three crosssections pebble counts. Both GPMC and GPMA have fairly even distributions of particle
sizes throughout their respective ranges from very fine sand to large boulders and
bedrock. GPMB has few fines or boulders and a high percent occurrence in the very fine
gravel to large cobble size range. Overall, GPMA, located just above the former dam, has
a lower particle size range than do the other two cross-sections. GPMB has a narrower
range of particle sizes than do the other two cross-sections.
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Figure 4.8: Comparison of particle sizes as percent finer than for three channel crosssections.
Particle size sorting was calculated using the Andrews Sorting Index. (Table 4.2)
Values greater than 2.0 are considered to be very poorly sorted. (Andrews, 1983 in
Gordan et al., 1992, p. 212) All three cross-sections have a very poorly sorted streambed
substrate; GPMB being the least poorly sorted and GPMA being the most poorly sorted.
Poorly sorted substrate provides macroinvertebrates with refugia, dead-current zones
where organics may be stored, and a variety of microhabitats. Nutrients, water, and gases
can move easily through the substrate and wastes are easily flushed away. Pebble counts
show that there is very little sediment in the size classes smaller than 2 mm. At GPMC,
8.8% of the grabs of the pebble count produced coarse particulate organic matter
(CPOM). None of the grabs at GPMB produced CPOM, and 12% of the grabs at GPMA
produced CPOM samples. The CPOM grabs show that organic material is being stored
in dead-current zones at two cross-sections.
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Cross-Section
Sorting Index
Sorting
11.2
Very poorly sorted
GPMC
4.3
Very poorly sorted
GPMB
16.0
Very poorly sorted
GPMA
Table 4.2: Results of sorting test from cross-section pebble counts.
Classical schemes predict downstream streambed sediment fining as a channel
progresses through the stages of channel evolution after dam removal. (Doyle and
Shields, 2000, p. 305) Downstream fining is present for d50, d84, and the dominant
particle size if downstream direction only is considered. (Figure 4.9) D16 does not fine
downstream, but is larger at GPMB, possibly due to increased flow from the small
tributary just upstream that may remove the smaller sediment sizes. However, if distance
from the dam breach is taken into account, some anomalies appear. (Figure 4.10) The
larger sediment sizes (d84 and d50) do fine regularly in the downstream direction. The
dominant sediment size also fines in the downstream directions, but the dominant
sediment size at GPMB is somewhat larger than might be expected when compared to the
other two cross-sections. The smaller sediment size (d16) is also unexpected at GPMB,
where it is significantly larger than d16 at GPMC. This condition may be explained by the
confluence of a small, forested, steep tributary just upstream from GPMB, which is
probably providing additional flow and little sediment in the small size classes. The
downstream fining is maintained for d16 between GPMC and GPMA.

Downstream Fining for Selected
Cumulative Precent Sediment Sizes
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Figure 4.9: Reading downstream from left to right, all sediment sizes appear to fine
downstream.
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Downstream Fining for Selected Cumulative
Percent Sediment Sizes by Distance from
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Figure 4.10: When corrected for distance from the dam breach, the larger sediment size
cumulative percents fine downstream, with ddom not fining in proportion to distance from
the dam breach and d16 not fining between GPMC and GPMB.
4.2.2. CDC Bedload Transport Rates
All the results presented in this section are based on measured channel crosssection geometry and particle size classes present on the streambed at the cross-section,
as determined by pebble counts. Therefore, all calculations are for potential bedload
rather than actual bedload. Figure 4.11 shows bedload redeposited upstream from GPMC
during 2003, evidence of bedload transport. To determine actual bedload, extensive
bedload sampling over time and varying discharges is necessary. At the channel
discharge capacity (CDC) stages for each cross-section, the Einstein bedload transport
equation was used to calculate the cumulative percent contribution of each particle size
class to the total potential bedload, percent of potential bedload by particle size class
based on the actual availability as determined by the pebble counts, and the total potential
bedload transport rate for the CDCs. Transport rates are only for the active channel
streambed and not necessarily for the entire width of the CDC because vegetation
stabilizes the floodplains or terraces during extreme events. No correction was made for
the particle hiding that characterizes streambeds with non-uniform materials, which may
result in over-predicting transport of smaller sized sediments. Also, no corrections were
made for armoring or imbrication, neither of which were noted during field observations.
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Figure 4.11: Bedload gravels deposited behind woody debris upstream from GPMC
during 2003, indicating that bedload transport is occurring.
To determine the effectiveness of a particular discharge to impact
macroinvertebrate streambed habitat through transport of a significant percent of the
available bed particle sizes or in capability to move fine materials, it was necessary to
identify a threshold particle size. Rosgen (1996) suggests using the dominant particle size
on the streambed as determined from the pebble count (Rosgen, 1996, p. 5-26) and is
considered here. Einstein (1950) used d35 as the grain size for partitioning fluid drag in
mixed-sized sediments. (Einstein, 1950 in Haan et al., 1994, p. 215) Other researchers
have used d50 and d84 as the critical grain size that must be moved in order to assume that
most of the bed-material can be mobilized by a particular flow. (Rosgen, 1996, p. 5-26)
In addition to the dominant particle size and d35 , the percent of potential bedload by
available particle sizes is considered.
Potential Bedload by Particle Size Class Based on the Actual Availability as
Determined by the Pebble Counts
For each CDC, Figures 4.12, 4.13, and 4.14 show percent of each size class,
available on the streambed at each cross-section, that can be mobilized by a CDC
discharge. The percent of available size classes was determined from the pebble count at
each cross-section. All particle sizes were assumed to be accessible to mobilization,
which is not true at any one point on the streambed, but may be a close approximation if
the entire streambed cross-section is considered. Only those CDC discharges with return
periods of less than two years were analyzed (Slawson, 2004a), assuming that the return
period for these discharges is shorter than is the streambed substrate recovery period in
terms of the life cycles of most macroinvertebrate species.
At cross-section GPMC, only CDC-C, with a return period of 1.07 years, can
mobilize the dominant particle size (48 mm), but this is only 8% of the total potential
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bedload, as shown in Figure 4.12. Table 4.3 show that there is a co-dominant sediment
size (96 mm) that cannot be moved by any of the flows with return periods less that two
years. CDC-F, with a return period of 1.16 years, cannot mobilize the dominant particle
size. Thus, it appears unlikely that the streambed at GPMC is degrading. The likelihood
of aggradation at this cross-section is dependent, in part, on the delivery from upstream of
particle sizes greater than 12 mm, which is the size that is most effectively mobilized by
both these discharges. The CDC-D flow, the Qeff based on mean daily flows, effectively
mobilizes sediment sizes less than 2 mm, those fine enough to cause substrate clogging.
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Figure 4.12: Percent of total potential bedload by particle size for CDCs with return
periods less than two years at cross-section GPMC, based on particle size availability on
the streambed.
At cross-section GPMB, only CDC-D and -E, with return periods of 1.41 and 0.96
years respectively, can mobilize the dominant particle size (24 mm), but this is only 16%
and 5% respectively of the total potential bedload, as shown in Figure 4.13. Thus, it
appears unlikely that the streambed at GPMB is degrading. The likelihood of aggradation
at this cross-section is dependent, in part, on the delivery of particle sizes greater than 4
mm, which is the size that is most effectively mobilized by these discharges. A small,
steep tributary immediately upstream from this cross-section may supply these larger
sizes, but delivery is simultaneous with large discharge events in the mainstem that seem
to effectively mobilize sizes up through the dominant size. The CDC-F flow, the Qeff
based on mean daily flows, effectively mobilizes sediment sizes less than 2 mm, those
fine enough to cause substrate clogging.
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GPMB Percent of Total Potential Bedload by Particle Size
Class
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Figure 4.13: Percent of total potential bedload by particle size for CDCs with return
periods less than two years at cross-section GPMB, based on particle size availability on
the streambed.
At cross-section GPMA, only CDC-D, -E, and -F, with return periods of 1.96,
1.46, and 0.82 years respectively, can mobilize the dominant particle size (4 mm), 52% of
the total potential bedload for CDC-F, as shown in Figure 4.14. At GPMA, there are two
possible co-dominant sediment sizes, 12 and 48 mm. (Table 4.5) Flows at CDC-D and -E
are effective in moving the 12 mm size class and poor at mobilizing the 48 mm class.
Thus, it appears unlikely that the streambed at GPMA is degrading. The likelihood of
aggradation at this cross-section is dependent, in part, on the delivery of particle sizes
greater than 12 mm, which is the size that is most effectively mobilized by these
discharges. The CDC-F flow, the Qeff based on mean daily flows, effectively mobilizes
sediment sizes less than 4 mm, which includes those size classes that are fine enough to
cause substrate clogging.
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GPMA Percent of Total Potential Bedload by Particle Size
Class
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Figure 4.14 : Percent of total potential bedload by particle size for CDCs with return
periods less than two years at cross-section GPMA, based on particle size availability on
the streambed.
Cumulative Percent Contribution of Each Particle Size Class to the Total Potential
Bedload
Tables 4.3, 4.4, and 4.5 compare the percent and cumulative percent of the
particle size classes available on the streambed as determined from the pebble count and
the cumulative percent of the same size class that can be transported by the discharge for
each CDC. The particle size class cumulative percent of the pebble count gives the dx.
For example, at GPMC, 4 mm is d15. Sediment size classes (mm) in bold type are
dominant or co-dominant size classes as determined from the pebble counts. In
parenthesis under each CDC letter identifier, the return period for that CDC stage is given
(Slawson, 2004a) to show the occurrence likelihood of that magnitude of bedload
transport. For example, at GPMA CDC-A, the return period is 328 years and is unlikely
to occur.
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GPMC Percent of Streambed Availability and Potential Bedload Transport
streambed
pebble
cumulative % of potential bedload at each CDC
count
particle mm % cum
A
B
C
D
E
F
G
H
%
(5.7) (4.2) (1.1) (0.8) (0.8) (1.2) (6.6) (6.5)
(dx)
very fine
sand
fine
sand
medium
sand
coarse
sand
very
coarse
sand
very fine
gravel
fine
gravel
fine
gravel
medium
gravel
medium
gravel
coarse
gravel
coarse
gravel
very
coarse
gravel
very
coarse
gravel
small
cobble
small
cobble
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2.31

21.47

6.90

1.70

7.73

4

1.37

15.07

4.43

5.42

5.64

36.66

15.09

4.24

14.07

6

4.11

19.18

16.93

20.27

20.98

76.67

47.31

16.26

38.24

8

0

19.18

16.93

20.27

20.98

76.67

47.31

16.26

38.24

12

6.85

26.03

57.60

64.11

65.38

97.03

89.89

56.16

82.69

16

2.74

28.77

73.29

79.75

80.97

99.87

97.87

71.80

95.29

24

1.37

30.14

79.63

85.60

86.70

100

99.44

78.21

97.74

32

2.74

32.88

86.04

90.66

91.50

99.81

84.91

99.34

48

13.7
0

46.58

99.61

99.83

99.92

100

99.54

100

64

1.37

47.95

99.80

99.93

100

96

12.3
3

60.27

100

100

99.76
100

Table 4.3: GPMC percent of streambed availability and potential bedload transport for
the CDCs. Size class in bold is dominant particle size. For example, the 4 mm (d15) size
class is 1.37% of the available bedload as determined by the pebble count and 5.64% of
the potential bedload for CDC-C discharge is finer than 4 mm. Note that the 8 mm size
class was not found on the streambed.

106

GPMB Percent of Streambed Availability and Potential Bedload Transport
streambe
d pebble
cumulative % of potential bedload at each CDC
count
particle mm % cu
A
B
C
D
E
F
G
H
m (2813) (39.4) (4.5) (1.4) (1.0) (0.8) (0.8) (2189)
%
(dx)
very fine
sand
fine
sand
medium
sand
coarse
sand
very
coarse
sand
very fine
gravel
fine
gravel
fine
gravel
medium
gravel
medium
gravel
coarse
gravel
coarse
gravel
very
coarse
gravel
very
coarse
gravel
small
cobble
small
cobble
large
cobble

0.06

0.5

0.50

0.00

0.00

0.00

0.00

0.00

0.13

0.5

1.00

0.00

0.00

0.00

0.00

0.01

0.34

0.05

0.00

0.25

0.5

1.50

0.00

0.00

0.01

0.02

0.05

1.88

0.27

0.01

0.50

0.5

2.00

0.01

0.02

0.04

0.08

0.22

7.07

1.13

0.03

1

0.5

2.50

0.03

0.05

0.14

0.26

0.71

17.81

3.43

0.09

2

1.25

3.75

0.17

0.32

0.79

1.41

3.50

48.85

14.47

0.47

4

3.75

7.50

1.26

2.37

5.29

8.47

17.62

88.82

53.84

2.42

6

3.75

3.12

5.65

11.94

17.71

32.84

99.80

83.77

5.17

8

7.50

11.24

18.02

31.30

37.91

60.26

100

95.64

16.12

12

10.0

25.24

37.31

56.77

62.80

83.18

99.77

34.91

16

10.0

43.38

57.78

75.96

82.04

95.21

99.98

55.20

24

17.5

77.83

89.62

97.16

97.64

99.71

100

87.25

32

6.25

11.2
5
18.7
5
28.7
5
38.7
5
56.2
5
62.5
0

89.06

96.58

99.50

99.80

99.99

95.90

48

5.0

67.5
0

95.93

99.44

99.98

100

100

98.97

64

3.75

98.26

99.88

100

96

6.25

99.74

100

128

10.0

71.2
5
77.5
0
87.5
0

100

0.04

0.00

0.00

99.83
99.98
100

Table 4.4: GPMB percent of streambed availability and potential bedload transport for
the CDCs. Size class in bold is dominant particle size. For example, the 4 mm (d7.5) size
class is 3.75% of the available bedload as determined by the pebble count and 2.37% of
the potential bedload for CDC-B discharge is finer than 4 mm.
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GPMA Percent of Streambed Availability and Potential Bedload Transport
streambed
pebble
cumulative % of potential bedload at each CDC
count
particle mm % cum
A
B
C
D
E
F
G
%
(329) (19.8) (26) (2) (1.5) (0.8) (33712)
(dx)
very fine
sand
fine
sand
medium
sand
coarse
sand
very
coarse
sand
very fine
gravel
fine
gravel
fine
gravel
medium
gravel
medium
gravel
coarse
gravel
coarse
gravel
very
coarse
gravel
very
coarse
gravel
small
cobble
small
cobble
large
cobble
large
cobble

0.06

3.75

3.75

0.00

0.00

0.00

0.00

0.00

0.02

0.00

0.13

3.75

7.50

0.00

0.01

0.01

0.02

0.02

0.20

0.00

0.25

5.00

12.50

0.03

0.06

0.04

0.13

0.15

1.43

0.02

0.50

5.00

17.50

0.16

0.28

0.21

0.59

0.67

6.13

0.09

1

5.00

22.50

0.55

0.97

0.73

2.02

2.29

18.48

0.34

2

2.50

25.00

1.11

1.93

1.47

3.88

4.38

30.01

0.69

4

35.00

6.85

11.30

8.84

81.73

4.40

38.75

10.39

16.81

31.26

95.63

6.77

8

5.00

43.75

19.86

29.56

45.07

98.71

13.72

12

8.75

52.50

40.09

54.31

69.30

99.96

29.58

16

7.50

60.00

60.12

74.54

86.73

100

47.44

24

7.50

67.50

79.52

90.68

32

5.00

72.50

88.90

96.00

13.2
8
24.3
8
47.0
6
67.5
7
85.7
1
93.0
3

20.1
1
28.6
0
41.7
8
65.9
9
84.2
0
95.0
8
98.7
1

22.17

6

10.0
0
3.75

48

8.75

81.25

98.89

99.85

99.5
4

64

2.50

83.75

99.71

100

96

3.75

87.50

100

99.9
1
100

128

0

87.50

99.99

192

2.5

90.00

100

96.25

67.09

99.15

79.37

99.9
4

99.97

96.28

100

100

98.59
99.99

Table 4.5: GPMA percent of streambed availability and potential bedload transport for
the CDCs. Size class in bold is dominant particle size. For example, the 4 mm (d35) size
class is 10% of the available bedload as determined by the pebble count and 18.84% of
the potential bedload for CDC-C discharge is finer than 4 mm. Note that the 128 mm
size class is not present in the pebble count.
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Bedload Per Unit Volume of Discharge and Total Potential Bedload Transport Rate
Figures 4.15, 4.16, and 4.16 show the total bedload in kg/s that can potentially be
transported by a particular discharge at a particular CDC stage. For example, at the
GPMC CDC-C stage, 24.33 kg/s of bedload can be transported. While some CDC stages
are capable of moving large amounts of material, they do not recur frequently enough to
have a lasting effect on streambed substrate habitat function. Substrate size and sorting
and the macroinvertebrate community that are disrupted by these high return period
events will recover before another such event occurs. For example, at GPMB CDC-B, the
associated flow has a return period of 3.94 years, and, though it would be a considerable
disturbance to the streambed habitat with a potential bedload transport rate of 94.57 kg/s,
the habitat will probably recover before such an extreme disturbance recurs.

32.06

25.46

24.33

33.73

19.09

H (78.52
m^3/s)

total bedload transport rate
(kg/s)

1.E+02

G (79.39
m^3/s)

GPMC Total Bedload for Several Channel Discharge
Capacities (CDCs)
7.24

1.E+01

1.75

1.E+00
0.10

1.E-01
1.E-02
1.E-03

F (15.88
m^3/s)

E (2.7
m^3/s)

D (0.05
m^3/s)

C (12.6
m^3/s)

B (55.42
m^3/s)

total kg/s

A (71.68
m^3/s)

1.E-04

Channel Flow Capacity

Figure 4.15: Total potential bedload transport rate (kg/s) for CDCs at cross-section
GPMC.
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1.E+03

194.29

1.E+02

94.57

184.45
36.16

18.07
6.13

1.E+01

1.09

1.E+00

0.14

1.E-01
1.E-02
1.E-03
H (515.97
m^3/s)

G (3.96
m^3/s)

F (0.9
m^3/s)

E (9.35
cm^3/s)

D (23.79
m^3/s)

C (67.54
m^3/s)

kg/s

B (180.41
m^3/s)

1.E-04
A (536.96
m^3/s)

total bedload transport rate (kg/s)

GPMB Total Bedload for Several Channel Discharge Capacities
(CDCs)

channel flow capacity

Figure 4.16: Bedload per unit volume of flow (kg/m3) and total potential bedload
transport rate (kg/s) for CDCs at cross-section GPMB.

1.E+02

88.68

49.33

146.23

66.02
22.56

19.68

1.E+01
1.87

1.E+00
1.E-01
1.E-02
1.E-03

G (743.12
m^3/s)

F (3.07
m^3/s)

E (25.2
m^3/s)

D (36.31
m^3/s)

C (157.28
m^3/s)

kg/s

B (139.04
m^3/s)

1.E-04
A (357.64
m^3/s)

total bedload transport rate (kg/s)

GPMA Total Bedload for Several Channel Discharge Capacities (CDCs)

channel discharge capacity

Figure 4.17: Bedload per unit volume of flow (kg/m3) and total potential bedload
transport rate (kg/s) for CDCs at cross-section GPMA.
Several significant substrate features have been identified at cross-section GPMC.
The dominant particle size class is 48 (d47) mm, which is 13.7% of the available bedload
as determined by the pebble count. D96 is co-dominant, but no discharge with a return
period less than two years can mobilize this size class. (Table 4.3) From Figure 4.12, it is
clear that the 12 mm (d26) size class is the class that will be moved most effectively by
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the largest discharges and that some of the smaller discharges will only effectively move
much smaller size classes. For the discharges that are large enough to move the 48 mm
size class, a significant part of the load will be in this size class because it is the dominant
size class available on the streambed. From the cumulative percents used by workers as
an indicator of general bedload transport capacity, d35 may be moved by six discharges
and d50 by three. Figure 4.15 shows that at CDC-F and -C, the discharge stages possibly
associated with the bankfull flow and channel dimensions based on drainage area and
with channel dimensions based on the 1.5-year return period discharge (Slawson, 2004a),
can transport up to 7.24 and 24.33 kg/s respectively. The CDC-F and -C flows are most
effective at moving the 12 mm (d19) size class. The CDC-E flow, the Qeff determined
from mean daily flow, is most effective at transporting the 6 mm sediment size class and
can move 1.75 kg/s of bedload. The ddom is 48 mm at GPMC and the Qeff at CDC-E
cannot mobilize this size class.
Several significant substrate features have been identified at cross-section GPMB.
The dominant particle size class is 24 mm, which is 17.5% of the available bedload as
determined by the pebble count. (Table 4.4) The flows from CDC-A and -H are excluded
from analysis because their return period discharges are extremely unlikely in the current
climate. From Figure 4.13, it is clear that the 24 mm (d56) size class is also the class that
will be moved most effectively by the largest discharges, though some of the smaller
discharges will only effectively move smaller size classes. For the cumulative percents
used by workers as an indicator of general bedload transport capacity, d35 and d50 may
both be moved by seven discharges, d65 by six, and d84 by two. Figure 4.16 shows that the
CDC-D flow, the discharge stage possibly associated with the bankfull flow and channel
dimensions based on drainage area and with channel dimensions based on the 1.5-year
return period discharge (Slawson, 2004a), can transport up to 18.07 kg/s, but is most
effective at moving the 12 mm (d29) size class. The CDC-F flow, the Qeff determined
from mean daily flow, is most effective at transporting the 4 mm sediment size class and
can move 0.14 kg/s of bedload. The ddom is 24 mm at GPMB and the Qeff at CDC-F
cannot mobilize this size class.
Several significant substrate features have been identified at cross-section
GPMA. The dominant particle size class is 4 mm, which is 10% of the available bedload
as determined by the pebble count. (Table 4.5) However, the 12 (d53) and 48 (d81) mm
size classes at 9% may be co-dominant. The flows from CDC-A and -G are excluded
from analysis because their return period discharges are extremely unlikely in the current
climate. From Figure 4.14, it is clear that the 24 mm (d68) size class is the class that will
be moved most effectively by the largest discharges and that some of the smaller
discharges will only effectively move smaller size classes. For the cumulative percents
used by workers as an indicator of general bedload transport capacity, d35, d50, and d65
may be moved by all seven discharges and d84 by three. Figure 4.17 shows that flows at
CDCs E and D, the discharge stages possibly associated with the bankfull flow and
channel dimensions based on drainage area and with channel dimensions based on the
1.5-year return period discharge (Slawson 2000a), can transport up to 19.68 and 22.56
kg/s respectively. The CDC-E and -D flows are most effective at moving the 12 mm size
class. The CDC-F flow, the Qeff determined from mean daily flow, is most effective at
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transporting the 4 mm sediment size class and can move 1.87 kg/s of bedload. The 4 mm
size class is also ddom at GPMA. Therefore, the Qeff can move a significant proportion
(35%) of the available potential bedload. There are two co-dominant sediment size
classes, 12 and 48 mm, that the Qeff at CDC-F cannot mobilize. (Table 4.5)
4.3. Macroinvertebrate Sampling
The main purpose for the macroinvertebrate sampling is to determine whether or
not the juvenile stages of aquatic insects are present at the three cross-sections. They
were found at all three cross-sections. Even though the sampling was limited in
frequency, some possible tendencies were revealed. However, to confirm and expand
these possible tendencies, much more extensive macroinvertebrate sampling would be
necessary. The limited sampling done for this study is only intended to add some
additional evidence for substrate sediment size suitability and stability for
macroinvertebrate habitat. Notably, 84% of macroinvertebrate abundance from the three
cross-sections was found at GPMA. Abundance may be negatively correlated (r = -0.86)
to dominant particle size; however, there is insufficient data to substantiate this.
In October, 2003, a macroinvertebrate sample was taken from a one meter square
section of streambed in riffles at the three cross-sections. Macroinvertebrates (identified
to the order or family level) and their numbers, habitat sensitivity group, abundance
category of individuals, functional feeding group, and flow exposure group (where
known) were identified, as shown in Table 4.6.
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Macroinvertebrate Sample Results, October, 2003
crosstaxon
abunabunhabitat
functional
flow
section
dance
dance
tolerance
feeding
exposure
code
group
group
12
C
I
gatherer
avoider
GPMC mayfly
(Ephemeroptera)
caddisfly
3
R
I
filterer
obligate
(Trichoptera)
damselfly
1
R
II
predator
(Odonata)
blackfly
3
R
III
filterer
obligate
(Diptera,
Simulidae)
22
C
I
gatherer
avoider
GPMB mayfly
(Ephemeroptera)
caddisfly
2
R
I
filterer
obligate
(Trichoptera)
stonefly
1
R
I
shredder,
obligate,
(Plecoptera)
predator
facultative
fishfly
1
R
II
predator
(Megaloptera,
Corydalidae)
Alderfly
1
R
II
predator
(Megaloptera,
Sialidae)
200+
D
I
gatherer
avoider
GPMA mayfly
(Ephemeroptera)
caddisfly
25
C
I
filterer
obligate
(Trichoptera)
dobsonfly
2
R
I
predator
(Megaloptera)
stonefly
1
R
I
shredder,
obligate,
(Plecoptera)
predator
facultative
midge fly
1
R
III
gatherer
obligate
(Diptera,
Chironomidae)
riffle beetle
1
R
I
gatherer
obligate
(Coleoptera,
Elmidae)
2
R
II
predator
fishfly
(Megaloptera,
Corydalidae)
Table 4.6: Macroinvertebrate sampling results from October, 2003 in the former
Gunpowder Paper Mill Dam impoundment.
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At cross-section GPMC, 50% of the taxa belong to the intolerant group, the
community is dominated by one taxon (mayflies), and 16% of the individuals belong to a
tolerant taxa. EPT richness is lower than at GPMB and EPT abundance is lower than at
both the other cross-sections. In light of the high dominant streambed particle size of 48
mm (very coarse gravel) and co-dominant size of 96 mm (small cobbles), the
macroinvertebrate sample suggests that flushing flows may occur too frequently for
optimal macroinvertebrate habitat to be maintained because the gravel size class and
coarse particulate organic material are removed.
At cross-section GPMB, 60% of the taxa belong to the intolerant group and the
community is dominated by one taxon (mayflies). No tolerant taxa were found. EPT
richness is highest at this cross-section, though EPT abundance is not as high as at
GPMA. The dominant streambed particle size class is 24 mm (coarse gravel), which is
somewhat large for ideal macroinvertebrate habitat. This is six times as large as the
dominant particle size at GPMA, where macroinvertebrate richness and abundance are
higher and over two times smaller than the dominant particle size at GPMC, where
richness and abundance are poorer. Lack of riparian buffer may limit organic material
supply, as indicated by the lack of CPOM from the pebble count grabs and increased
water temperature, though this last parameter was not tested.
At GPMA, in addition to the macroinvertebrates listed above, one salamander
(species unknown) was found. In this sample, 71% of the taxa belong to the intolerant
group, the community is dominated by one taxa (mayflies), and there is one individual in
a tolerant taxon. Taxonomic richness and EPT abundance are high in comparison to the
other two cross-sections. The dominant streambed particle size is 4 mm (fine gravel),
which is somewhat small for optimal macroinvertebrate habitat. There are two codominant size classes, 24 and 48 mm. The more even distribution of sediment sizes may
account for the higher taxa richness and taxonomic abundance at GPMA.
Results of Macroinvertebrate Assessment at Order Level at
Three Cross-Sections
GPMC GPMB GPMA
4
4
6
taxa richness
50
60
43
% EPT richness
79
89
97
% EPT abundance
16
0
0.4
% tolerant taxa abundance
50
60
71
% intolerant taxa richness
63
82
86
% dominant taxon abundance
19
27
232
sample size (n)
EPT = Ephemeroptera, Plecoptera, Trichoptera
Table 4.7: Results of macroinvertebrate sampling in riffles at the three cross-sections.
The macroinvertebrate taxa found are typical of cold water, forested headwater
streams with good habitat characteristics in the Maryland Piedmont. The mix of taxa and
abundance of individuals within a taxa vary considerably from cross-section to crosssection. (Table 4.7) At GPMC both taxa richness and taxonomic abundance is low. In
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spite of significant CPOM, there are no shredder species. At GPMA, richness is improved
over that at GPMC by 75% and abundance by 1100%, but the increase in abundance is
almost all in one taxon and the presence of predators is minimal. GPMB has a taxa
richness that is 25% greater than GPMC and an abundance that is 42% greater. The
distribution of individual numbers across taxa and the mix of taxa functional feeding
groups appears to be the most balanced. (Rempel et al., 2000, Appendix 1) At all three
cross-sections, taxa richness seems somewhat impoverished and abundance severely
reduced even when compared to studies in square meter samples in riffles in cold water,
headwater streams compromised by urban runoff. (Wang and Kanehl, 2003, p. 1188;
Lieb and Carline, 1999, p. 103)
Macroinvertebrate Physical Habitat Characteristics
Habitat characteristics related to cross-section streambed substrate sediment sizes
were analyzed relative to the macroinvertebrate taxa found during sampling. These
characteristics associate taxa with sediment size, presence of coarse particulate organic
materials (CPOM), and return period of the Qeff from mean daily flows, as shown in
Table 4.8. The relationship between particle sizes and macroinvertebrate variables is not
well-documented for many taxa at the order level. Different families in an order may
require very different substrate particle sizes. However, some inferences may be made.
Taxa requiring clear water or high oxygen content may not tolerate very fine sediment on
the streambed. The presence of CPOM combined with certain functional feeding group
may provide indirect evidence. Shredders and gatherers require leaf litter and/or detritus.
Leaf litter and detritus are both allochthonous materials from terrestrial sources.
(Vannote, et al., 1980, p. 132) No distinction is made here between CPOM and detritus,
but both are treated as allochthonous material from terrestrial sources. Larger particle
sizes are more apt to provide dead current zones where litter and detritus can collect and
taxa requiring these organic materials may prove more successful in such streambed
habitats.
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Important Streambed Physical Habitat Characteristics
importance of
presence of
Qeff return period
particle size
detritus/CPOM
varies
gatherers
≥ 1 year
Mayfly
(Ephemeroptera)
important
shredders: leaf litter ≥ 1 year
Stonefly
important, predators
(Plecoptera)
varies
shredders, filterers
1 year
Caddisfly
(Trichoptera)
larger sizes may be
gatherers,
1 year
Riffle beetle
important
herbivores
(Coleoptera)
predators: not
≥ 1 year
Fishfly, Dobsonfly clear water,
probably important
important
(Megaloptera)
muddy-silty
predators (detritus
≥ 1 year
Alderfly
substrate
may be important
(Megaloptera)
for prey habitat)
not important
predators: not
≥ 1 year
Damselfly
important
(Odonata)
filterers
< 1 year
Blackfly (Diptera) high oxygen
content, important
< 1 year
Midge fly (Diptera) smaller sizes may be gatherers,
important
omnivores (detritus)
Table 4.8: Important streambed physical habitat characteristics by macroinvertebrate
order. (Information from Allen, 1995 and Rempel et al., 2000, p. 72-3; Carline, 2004,
personal communication).
Other studies have been done that correlate macroinvertebrate sample results with
physical habitat variables. A brief comparison between this study and several other
studies was made, but the limited macroinvertebrate sampling done for this study permits
only a very general comparison of correlation directions. Wang and Kanehl (2003)
correlated macroinvertebrate variables with physical habitat variables for small cold
water streams in Wisconsin and Minnesota. They found that the percent substrate detritus
was positively correlated with percent gatherer taxa, and negatively correlated with
percent EPT taxa richness and taxonomic abundance. They also found that the percent
gravel substrate was negatively correlated to the percent abundance of the top two taxa.
(Wang and Kanehl, 2003, p. 189) In contrast, in British Columbia, Rempel et al. (2000)
found a positive correlation between CPOM and some families of Ephmeroptera.
(Rempel et al., 2000, p. 66) Using limited macroinvertebrate sample data, the correlations
were made for the former impoundment, as shown in Table 4.9. The correlation
coefficients in the former impoundment were similar in direction to those of Wang and
Kanehl for gatherers to detritus and EPT taxa richness and that of Rempel et al. for
Ephemeroptera to CPOM and opposite in direction from Wang and Kanehl's top two taxa
abundance to gravel correlation coefficient. The difference in the sample sizes between
this study and the other two studies makes a comparison of correlation coefficient
magnitude pointless.
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% Macroinvertebrate Variable to
Correlation Coefficient (r)
% Physical Habitat Variable
0.88
gatherer richness to detritus/CPOM
-1.0
EPT richness to detritus/CPOM
0.08
EPT abundance to detritus/CPOM
0.76
top two taxa abundance to gravel (2-64 mm)
Table 4.9: Correlation coefficients for percent macroinvertebrate variables to percent
physical habitat variables in the former impoundment. Top two taxa are Ephemeroptera
and Trichoptera.
Rempel et al. (2000) analyzed functional feeding groups and flow exposure
groups by water depths. Evidence showed that gatherer taxa abundance decreased with
increased water depth, filterers and shredders peaked at 1.5 m of depth, and predator
abundance remained the same from low flows up through depths of 1.5 m. Avoiders
abundance decreased with depth and obligates peaked at 1.5 m. For the former
impoundment in this study, comparisons showed that functional feeding groups and flow
exposure groups varied with mean water depth for the Qeffpeak and Qeffmean daily in the
same directions as those found by Rempel et al., as shown in Table 4.10.
Correlation Coefficients (r) for Flow Depth and Functional Feeding and Flow
Exposure Groups
groups:
types:
Qeff annual peak
Qeff mean daily flow
flow depth
depth
-0.99
-0.85
functional
gatherers
feeding
0.17
-0.23
predators
0.98
0.98
filterers
1.0
0.94
flow exposure
obligates
-1.0
-0.94
avoiders
Table 4.10: Correlation coefficients (r) for Qeff flow depth and macroinvertebrate
functional feeding and flow exposure groups in the former impoundment.
4.4 Streambed Substrate and Macroinvertebrate Habitat Stability
The stability of the streambed substrate and macroinvertebrate habitat for the
three cross-sections in the former impoundment are discussed in this section in terms of
the equilibrium parameters proposed in the Introduction and outlined in Table 4.11. For
several parameters, results are consistent across all three cross-sections.
Macroinvertebrate taxa that are intolerant to marginal habitat conditions are present at all
three cross-sections. The streambed sediments are very poorly sorted at all three crosssections. The d10 for the streambanks at all three cross-sections is less than 0.074 mm,
indicating that the streambanks are resistant to erosion and are unlikely to provide fine
sediments to the substrate that would cause clogging of substrate habitat or cause high
water turbidity. Width-to depth ratio increases with a decrease in percent silt-clay content
of the streambanks at GPMC and GPMB. This is also the case at GPMA if only the
discharges with return periods that may affect channel morphology are considered. The
streambanks appear to be historically stable. The ddom is greater than d35 and less than d65
at all cross-sections, so the sediment size range is not excessively skewed towards an
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extreme. At all three cross-sections, the Qeffmean daily can easily transport sediment sizes
less than 2 mm, ensuring that fines are removed within the temporal scale of
macroinvertebrate life cycles. These variables indicate that the channel at these crosssections is not undergoing significant incision, aggrading or widening.
Macroinvertebrate Habitat Equilibrium Parameters
GPMC
GPMB
GPMA
yes
yes
yes
1. Intolerant macoinvertebrate taxa present
4
4
Number of functional feeding groups
3
yes
yes
yes
2. Poorly sorted streambed sediments
yes
yes
Presence of CPOM
no
yes
yes
yes
3. Streambank d10 < 0.074 mm
yes
yes
4. width/depth increases with silt-clay %
? see
decrease
discussion
yes
yes
5. d35 > 2 mm, d65 < 64 mm
d65 > 64 mm
yes
yes
6. d35 < ddom < d65
ddom < d35
yes
7. Qeffpeak can mobilize ddom
99.8%cum 98%cum
yes
yes
8. Qeffpeak has return period > 1 year
0.82 years
yes
yes
yes
9. Qeffmean daily can mobilize sizes ≤ 2 mm
Table 4.11: Macroinvertebrate habitat equilibrium parameters for the three former
impoundment cross-sections. Variables in bold type are discussed in detail.
Cross-Section GPMC
At GPMC, taxa richness is associated with uni-, bi-, and multi-voltinism and
taxonomic abundance with uni-, mero-, and semi-voltinism. The return period of the
Qeffpeak, determined from peak flows, is 4.2 years at CDC-B and cannot be controlling
macroinvertebrate physical habitat on the life cycle time scale. Qeffpeak barely has the
potential to transport ddom. The Qeffmean daily at CDC-E, determined from mean daily
flows, has a return period of 0.82 years and may be controlling the physical substrate
habitat. It cannot mobilize ddom or d35. The short return period of Qeffmean daily may disturb
life cycle processes, which may explain the relative taxa poverty (three functional feeding
groups) and the presence of a tolerant, multi-voltine taxon and only one predator taxon at
this cross-section. At GPMC, there are no shredder macroinvertebrates, though the supply
of allochthonous material is great due to the presence of riparian forest. This lack may be
explained by the low return period of Qeff at CDC-E, which is in conflict with the
semivoltinism of many Plecoptera (shredders). The presence of two filterer taxa and a
dominant gatherer taxon can be explained by both the excellent source of allochthonous
material and the large dominant (48 mm) and co-dominant (96 mm) particle sizes that
account for CPOM supply and storage. The paucity of avoider gatherer taxa may also be
explained by the large dominant particle sizes and the large d65 (>64 mm) that do not
provide enough refugia for these macroinvertebrates. The low abundance of filterer taxa
may be explained by the shallowness of Qeffmean daily, which permits much CPOM to
settle into storage rather than staying suspended in the flow.
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Cross-Section GPMB
At GPMB, taxa richness and taxonomic abundance are associated with uni-,
mero-, and semi-voltinism. The return period of the Qeffpeak, determined from peak
flows, is 1.41 years at CDC-D. The Qeffpeak at CDC-D may control macroinvertebrate
physical habitat. This conclusion is supported by the high d16 that indicates that fines are
removed by the Qeffpeak. Qeffpeak can barely transport ddom (24 mm) or d65 (32 mm).
Qeffmean daily can potentially mobilize particle sizes under 2 mm to keep fines from
clogging substrate within the temporal scale of macroinvertebrate life cycles. There is
one potential shredder taxon, one gatherer taxon, and one filterer taxon present at GPMB.
The increase in taxonomic abundance is accompanied by an increase in predator taxa.
The lower number of gatherer/filterer taxa may be explained by the lack of allochthonous
material due to the lack of riparian woody vegetation and sparse streambank herbaceous
vegetation. No CPOM was found at this cross-section. The relatively low dominant
particle size, the high potential bedload transport rate, and the low width-to depth ratio at
CDC-D may flush organic materials out of storage from the streambed. This conclusion
is supported by the fact that 40% of the macroinvertebrate taxa (Trichoptera and
Plecoptera) are in the obligate flow exposure group, suggesting that food is more
available in open flow than in substrate storage. Macroinvertebrate habitat is adequate in
terms of substrate sizes, though there may be a tendency for overall particle size to
increase because ddom may not be easily transported. The lack of CPOM is a significant
problem, but is probably caused by sparse riparian vegetation caused by impoundment
features not directly related to fluvial variables (Slawson 2004c, p. ). The lack of
allochthonous material may reduce macroinvertebrate density.
Cross-Section GPMA
At GPMA, both taxa richness and taxonomic abundance are associated with uni-,
mero-, and semi-voltinism. The return period of the Qeffpeak, determined from peak
flows, is 1.46 years at CDC-E. The Qeffpeak at CDC-E may control macroinvertebrate
physical habitat. The discharge at CDC-E has the potential to move all sediment sizes up
to d84. The Qeffmean daily has the potential to transport sediment sizes up to d65. Ddom (4
mm) is easily transported by both flows, but is smaller than d35. However, only Qeffpeak
can easily transport the two co-dominant sediment sizes (12 ansd 48 mm). The avoider
gatherer taxon (Ephemeroptera) is very abundant and one taxon of obligate filterers
(Trichoptera) is well represented. The overall taxa richness is much higher than either of
the other two cross-sections and all four functional feeding groups are present. The
spread of particles sizes is greater and more even than at the other two cross-sections.
Most of the CPOM grabs were taken in the area of bedrock streambed control. The
retention of smaller sediment sizes in spite of a Qeffmean daily capable of transporting the
smaller sizes may be explained by the presence of the remnant dam footer that acts as a
local grade control just downstream from this cross-section. Macroinvertebrate habitat
equilibrium is good in terms of taxa richness, but the high prevalence of mayflies over all
other taxa, particularly Chironomidae (Rempel et al., 2000, p. 73) and the relative paucity
of predators, may indicate a community dominated by one taxon.

119

4.5. Streambed Substrate Recovery from Impoundment Impacts
The stream channel in the former impoundment of the Gunpowder Paper Mill
Dam is still incised even after over 70 years since the dam failed. Some of the impacts of
channel incision are still evident in the macroinvertebrate substrate habitat. On the other
hand, many of the characteristics of substrate habitat suitable for macroinvertebrates are
present, as is the macroinvertebrate community. Interestingly, the negative impacts
normally associated with channel incision are not necessarily the ones limiting
macroinvertebrate taxonomic richness and abundance. An incised channel with steep,
unvegetated streambanks, such as exists in the former impoundment, are apt to have
substrate interstices clogged by fine sediments supplied from ongoing streambank erosion
and slumping. This is not the case at the former impoundment study cross-sections.
Channel width-to-depth ratio is controlled by the high percent silt-clay content in the
streambank materials and the streambanks are not eroding or slumping, in spite of their
steepness and lack of vegetation.. The substrate sediments are very poorly sorted and a
large percentage of the size range falls in the sand and gravel size classes, which is
suitable for macroinvertebrate habitat.
The level of channel morphology recovery is associated with bedload transport
capacity. Two of the cross-sections have a channel geometric dimensions in accord with
an effective flow having a return period of less than two years. (Slawson, 2004a) At these
two cross-sections, GPMB and GPMA, the dominant sediment size falls in gravel size
class, suggesting that effective flow is sufficient to remove fine sediments without
removing the particle sizes that provide the most suitable habitat. Macroinvertebrate taxa
richness and taxonomic abundance are larger at these cross-sections. At cross-section
GPMC, the channel has geometric dimensions controlled by an effective flow with a
return period of over 4 years and has not recovered. (Slawson, 2004a) The substrate at
GPMC has very large co-dominant particle sizes, in the very coarse gravel and small
cobble size classes. Smaller gravels are being transported and habitat is impacted by the
lack of refugia and places for CPOM storage. Both taxa richness and taxonomic
abundance are lower at this cross-section. There is a benthic community at this crosssection, so it does not constitute an energetic discontinuity for the stream. The cool
waters and allochthonous food supply provided by the riparian forest may mitigate
against substrate defficiencies.
Cross-sections GPMB and GPMA are still impacted by the former impoundment,
but not by the larger flow events contained in the incised channel that are impacting the
substrate at GPMC. Macroinvertebrate taxa richness and taxonomic abundance are
improved at these cross-sections, but compare poorly to that of other studies in streams
unaffected by a former impoundment. The high steep banks at GPMB and GPMA are not
supporting a riparian forest, which may result in a smaller and different allochthonous
material supply for benthic community food and warmer water due to lack of shade.
Changes in the structure of the benthic community from warmer water may actually
cause an energetic discontinuity in the stream system, particularly because it is located in
the middle of an otherwise continuous ecosystem. Some of the possible reasons for this
lack of riparian forest are explored in the third paper.
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Substrate habitat recovery is in accord with the recovery of the channel
morphology and the development of riparian forest. Improvements to benthic community
habitat could be made. Reconfiguration of the streambed or the addition of habitat
structures might provide some temporary remediation, but would not provide a
permanent solution. Such measures might initiate renewed widening of the stream
channel and the introduction of a fine sediment supply that could clog substrate
interstices. The restoration intervention that would probably provide the most positive
effect without causing additional damage would be the planting of a riparian buffer in the
downstream half of the former impoundment. The substrate limitations at GPMC are not
serious and should be left to resolve themselves over time.
The use of effective flow calculated from both peak annual flow records and
mean daily flow records and their return periods clarifies the impact of different flows on
different components of the physical habitat, while recognizing the interaction between
system components. For example, effective flow calculated from peak annual flows may
a significant impact on streambank erosion and fine sediment supply, while effective
flow calculated from mean daily flow controls the removal or deposition of those fine
sediments in the substrate interstices.
The use of pebble counts to characterize the substrate and the Einstein equation to
determine potential bedload transport makes identification of effective flow easier in a
situation where field indicators of channel-forming flow are confusing or misleading due
to anthropogenic effects. These methods should not be used for engineering design
purposes, but rather for the identification of impaired habitat.
5. Conclusion
The macroinvertebrate physical habitat in the former impoundment of the Gunpowder
Paper Mill Dam has had 71 years to recover since dam failure. With some limitations, the
substrate habitat appears to have recovered as much as is possible without further
changes to impoundment sediment characteristics that are unconnected to bedload
transport. The stream channel's adjustments to dewatering of the impoundment have
included profound changes in channel morphology that have resulted in a channel incised
through very fine impoundment sediments to a substrate of sands, gravels, cobbles, and,
in some spots, bedrock. Field observation shows that this type of substrate is similar to
reaches upstream from the impoundment and downstream from the dam. Channel crosssection morphology, however, remains quite different with high, silt-clay streambanks
and, in the cases of GPMA and GPMB, significant storage of impoundment sediments
where significant succession to woody riparian vegetation appears delayed.
The macroinvertebrate substrate habitat appears to be stable at the short temporal and
small spatial scale of macroinvertebrate life cycles. Channel morphology in an incised
state with steep unvegetated banks and poor riparian woody vegetation also appears to be
stable. (Slawson, 2004a, 2004c) Yet, the stable states do not mirror probable pre-dam
conditions or those in areas unaffected by impoundment. These stable but compromised
conditions suggest that both macroinvertebrate habitat and channel cross-section
morphology are affected by processes at other temporal and spatial scales. In the same 71
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years in which the study cross-sections have been adjusting to large disturbance event of
dam failure and impoundment dewatering, the watershed has undergone major changes in
landuse and land cover. Land cover may have influenced the flow of water and sediment
to and in the stream in such a way as to influence the rate and magnitude of
macroinvertebrate physical habitat and channel morphology response to large
disturbance.
The importance of this study to restoration decision-makers is its focus on
determining a level of recovery in an element of physical habitat in the context of the
dynamics of a larger system. The conclusion that the substrate habitat has limitations
might lead one to attempt habitat intervention directly on the streambed. Fishing clubs
frequently implement this type of intervention. Such intervention would not solve the
cause of the limitations and might initiate further damage.
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APPENDIX
The sediment transport parameter is:
Ψ = (γs - γ)/γ di/(R'S)

Equation 1

Where:
γs = specific weight of sediment (kg/m2s2)
γ = specific weight of water (kg/m2s2)
di = particle diameter of interest (m)
R' = hydraulic radius relative to grain resistance (m)
S = slope (m/m)
(Haan et al., 1994, p. 225),
R' = n'/n R

Equation 2

Where:
n = Manning's bed roughness coefficient from Manning's equation, calculated using d65
(Haan et al., 1994, p. 215)
n' = grain roughness, calculated using d35 (Haan et al., 1994, p. 215)
R = hydraulic radius (m)
(Maidment, 1993, p. 12.25), and
n' = d351/6/21

Equation 3
Where:
D35 = 35 percent cumulative finer sediment median diameter (m)
(after Einstein (1948) in Haan et al., 1994, p. 215)
The flow intensity parameter is:
Φ = ƒ(Ψ)

Equation 4

0.465 Φ = e-0.391Ψ

Equation 5

which Einstein proposed to be

if R' is defined for a given flow depth as described in Equation 2.
Φ = 1/F qs/ γs √[( γs/ γs - γ)1/gdi3]

Equation 6

Where:
qs = sediment discharge per unit width of size di (kg/m/s)
F = particle settling velocity factor (m/s)
A factor for settling velocity is given by:
F = √{2/3 + 36υ2/[gdi3 (γs - γ)/γ]} - √36υ2/[gdi3 (γs - γ)/γ] Equation 7

Where:
υ = fluid viscosity (4˚C) (m2/s)
g = gravitational constant (m/s2)
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Bedload Qs (kg/s) can then be calculated from:
Where:
w = width of channel bed (m)
(Haan et al., 1994, p. 224-5)

Qs = wqs

Equation 8

Channel bed width was used instead of surface width because at overbank flows,
discharge rate is reduced drastically with the reduced velocity caused by the decreased
flow depth and increased surface roughness on the floodplain. Additionally, the
floodplain surface is well-vegetated and little or no sediment is expected to move from
the floodplain; rather, deposition of suspended load on the floodplain might be expected.
Bedload will only be produced from the unvegetated active channel bank flow channel
bed. If unvegetated gravel bars had been present, then bed width would have been
extended to include those surfaces as well. Sediment transport relations were calculated
for each particle size class because transport rate is strongly dependent on particle size.
(Andrews and Nankervis, 1995, p. 152)

124

References
Allen, J.D., 1995, Stream Ecology, Chapman and Hall.
Andrews, E.D. and Nankervis, J.M., 1995. Effective Discharge and the Design of
Channel Maintenance Flows for Gravel-Bed Rivers, in Natural and Anthropogenic
Influences in Fluvial Geomorphology, Geophysical Union Monograph 89, American
Geophysical Union.
Beard, T.D. and Carline, R.F., 1991. Influence of Spawning and Other Stream Habitat
Features on Spatial Variability of Wild Brown Trout, Transactions of the American
Fisheries Society, 120.
Biedenharn, D.S., Copeland, R.R., Thorne, C.R., Soar, P. ., Hey, R.D., and Watson, C.C.,
2000. Effective Discharge Calculation: A Practical Guide, USACE, ERDC, Vicksburg,
MS.
Birkeland, P. ., 1999. Soils and Geomorphology, Oxford University Press, UK.
Boulton, A.J., Findlay, S., Marmonier, P. Stanley, E.H., and Valett, H.M., 1998. The
Functional Significance of the Hyporheic Zone in Streams and Rivers, Annual Review of
Ecological Systems, Vol. 29.
Brady, N.C. and Weil, R.R., 1996. The Nature and Properties of Soils, 11th Edition,
Prentice Hall, Upper Saddle River, NJ.
Carline, R., 2004. Personal communication. Pennsylvania State University, University
Park, PA.
Carpenter, D.H., 1983. Report of Investigations No. 35: Characteristics of Streamflow in
Maryland, Dept. of Natural Resources, Maryland Geological Survey.
Color Communications, Inc., 1996. EarthColors Soil Color Book: A Guide for Soil and
Earthtone Colors, The Globe Program Edition.
Doyle, M.W. and Shields, F.D., 2000. Incoporpation of bed texture into a channel
evolution model, Geomorphology, 24, 291-309.
Einstein, H.A., 1950. The Bed Load Function for Sediment Transportation in Open
Channel Flows, USDA Technical Bulletin 1026.
Gordan, N.D., McMahon, T.A., and Finlayson, B.L., 1992. Stream Hydrology: An
Introduction for Ecologists, John Wiley and Sons.
Haan, C.T., Barfield, B.J., and Hayes, J.C., 1994. Design Hydrology and Sedimentology
for Small Catchments, Academic Press, San Diego, CA.

125

The Heinz Center, 2002. Dam Removal: Science and Decision Making, The H. John
Heinz III Center for Science, Economic, and the Environment, Washington, D.C.
Hereghan, P. ., 1999. Stream Ecology Webpage (www.ent3.orst.edu), Dept, of
Entomology, Oregon State University, Corvallis, OR.
Holomuzki, J.R. and Biggs, B.J.F., 2003. Sediment texture mediates high flow effects on
lotic macroinvertebrates, presented at the North American Benthological Association
Society Annual Meeting, Athens, GA.
Jenny, H., 1941. Factors of Soil Formation, Dover Publications, Inc., New York, NY.
Leopold, L.B., Wolman, M.G., and Miller, J.P. 1964. Fluvial Processes in
Geomorphology, Dover Publications, Inc., New York, NY.
Lieb, D.A. and Carline, R.F., 1999. The Effects of Urban Runoff from a Detention Pond
on the Macroinvertebrate Community of a Headwater Stream in Central Pennyslvania,
Journal of the Pennsylvania Academy of Science, Vol. 73, No. 3.
Luque, R.F. and van Beek, R., 1976. Erosion and Transport of Bed-Load Sediment,
Journal of Hydraulic Research, 14, No. 2.
Maidment, D. R., 1993. Handbook of Hydrology, McGraw-Hill, Inc.
Mandaville, B.M., 1999. Bioassessment of Freshwaters Using Benthic
Macroinvertebrates-A Primer. First Ed. Project E-1, Soil & Water Conservation Society
of Metro Halifax. viii, Chapters I-XXVII, Appendices A-D. 244p. Order Ephemeroptera,
http://lakes.chebucto.org/ZOOBENTH/BENTHOS/v.html.
Mecklenburg, D., 1999. The Reference Reach Spreadsheet: A Stream Channel
Assessment Tool: Forms, Calculators, and a Format for Data Management, Draft 3.0L,
River4m, Ltd., Distributed by Ohio Department of Natural Resources.
Olsen, D.A. and Townsend, C.R., 2003. Hyporheic community composition in a gravelbed stream: influence of vertical hydrological exchange, sediment structure and
physiochemistry, Freshwater Biology, 48, 1363-1378.
Real Estate Data, Inc., 1982. 1980 Aerial Photograph of Northwestern Baltimore County,
MD., Baltimore County Office of Planning, Towson, MD.
Reice, S.R., 1994. Nonequilibrium Determinants of Biological Community Structure,
American Scientist, Vol. 82.
Rempel, L.L., Richardson, J.S., and Healey, M.C., 2000. Macroinvertebrate community
structure along gradients of hydraulic and sedimentary conditions in a large gravel-bed
river, Freshwater Biology, 45, 57-73.

126

Ritter, D.F., Kochel, R.C., and Miller, J.R., 1995. Process Geomorphology, 3rd Edition,
Wm. C. Brown Publishers, Dubuque, IA.
Rosgen, D., 1996. Applied River Morphology, Wildland Hydrology, Pagosa Springs, CO.
Schuylkill Center for Environmental Education, the Environmental Alliance for Senior
Involvement, and the Citizens' Volunteer Monitoring Program of the Pennsylvania
Department of Environmental Protection, 1998. Volunteer Water Quality Monitoring
Field Manual, PA Department of Environmental Protection, Citizens' Volunteer
Monitoring Program.
Schueler, T.R. and Holland, H.K., 2000. Habitat and Biological Impairment in Delaware
Headwater Streams, Technical Note #72 from Watershed Protection Techniques, 2(2), in
The Practice of Watershed Protection, The Center for Watershed Protection, Ellicott City,
MD.
Schumm, S.A., 1960. The Shape of Alluvial Channels in Relation to Sediment Type,
Geological Survey Professional Paper 352-B, US GPO, Washington, D.C..
Seitz, M, 1946. The History of the Hoffman Paper Mills in Maryland, The Holiday Press.
Simon, A., 2003. Suspended-Sediment-Transport Rates at the 1.5-Year Recurrence
Interval for Ecoregions of the United States: Transport Conditions at the Bankfull and
Effective Discharge, USDA-ARS, National Sedimentation Laboratory, Oxford, MS.
Slawson, D., 2004a. Using Cross-Section Morphology and Dominant Flow to Assess
Channel Geomorphic Recovery in a Former Dam Impoundment, doctoral dissertation,
The Pennsylvania State University, University Park, PA.
Slawson, D., 2004c. Recovery of the Riparian Habitat Hydrologic Function of Remnant
Sediments in a Former Dam Impoundment, doctoral dissertation, The Pennsylvania State
University, University Park, PA.
Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R., and Cushing, C.E., 1980.
The River Continuum Concept, Canadian Journal of Fisheries and Aquatic Science,
37:130-137.
Wang, L. and Kanehl, P. 2003. Influences of Watershed Urbanization and Instream
Habitat on Macroinvertebrates in Cold Water Streams, Journal of the American Water
Resources Association, Vol. 39, No. 5.
Ward, J.V., 1992. River Ecosystems in Encyclopedia of Earth Systems, Volume 4,
Academic Press, Inc.

127

Ward, J.V. and Stanford, J.A., 1989. Riverine Ecosystems: The Influence of Man on
Catchment Dynamics and Fish Ecology, in Dodge, D.P. (ed) Proceedings of the
International Large River Symposium, Canadian Special Publications of Fishery and
Aquatic Science, 106.
Wolman, M.G., 1954. A method of sampling coarse river bed material, American
Geophysical Union Transaction, 35, 951-956.

128

RECOVERY OF THE RIPARIAN HABITAT HYDROLOGIC FUNCTION OF
REMNANT SEDIMENTS IN A FORMER DAM IMPOUNDMENT
Abstract
This study examines the role of the hydrologic function of the of the remnant
impoundment sediments in the sparse distribution of tree species on a former mill dam
impoundment surface. The Gunpowder Paper Mill Dam, in the Maryland Piedmont,
failed 71 years ago and the remnant impoundment sediments have not reverted to
woodland, but are largely vegetated with native and invasive herbaceous species and
occasional trees. The historic changes in landuse and cover are analyzed for changes in
excess precipitation and sediment yield, using the SCS calculation method and the
Revised Universal Soil Loss Equation, respectively. Sediment cores were taken in the
impoundment sediments to determine column depth, depth to permanent and seasonally
high water table, the presence of redoximorphic features, and the percent of silt-clay
content.
Results indicate that habitat is impaired for riparian tree species where sediments
were deposited with a slope perpendicular to the stream channel and the sediment column
is very deep, excessively well-drained, and has numerous layers with high silt-clay
content that limit moisture availability in the root zone. These characteristics are
associated with locations were there are no trees growing. Where deposition layers are
intersected by surface topography, trees are more numerous. Forest has developed in
locations in the former impoundment where the slope of deposition layers is parallel to
the channel, the sediment column is less than one meter deep, there are fewer silt-clay
layers, and water table is close to the surface. Recommendations for intervention are
limited to removal of invasive species and planting of native trees tolerant of the
hydrology of the impoundment sediments.
1. Introduction
Early settlers in the Maryland Piedmont built mill dams at certain sites to exploit
water power resources. A mill dam changed stream power above the dam by creating a
mill pond or impoundment, below the dam by increasing channel scour, and throughout
the system by supporting land use practices that altered the water and sediment
discharges to the stream, all of which resulted in changes to channel morphology and
riparian habitat characteristics. As landuse and economic factors changed, small dams
were abandoned. Dams were breached by either human agency, structural failure or flood
events and initiated additional landscape changes.
Early settlers found a landscape covered with forests and dissected by numerous
small streams. The proliferation of small dams provided power for sawmills and planing
mills, which produced building materials. Paper mills also proliferated. Many of these
dams still exist in their entirety or, more often, as breached remnants. In some cases, the
stones that once constituted the dam are now scattered on the stream beds and, in many
cases, the dam wings are still in place. Where the dam is breached, the impoundment has
drained. However, the sediments deposited behind the dam are often still partially in
place. In the case of the Gunpowder Paper Mill Dam impoundment, remnant sediments
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are still in place and the expected succession to woodland on the remnant impoundment
sediments has not occurred. This study examines the role of the hydrologic function of
the remnant impoundment sediments in the sparse distribution of tree species on the
former impoundment surface.
The construction of mill dams changed the sediment and water inputs to riparian
landscapes. The removal or failure of a dam also changed these inputs. The potential for
landscape recovery after dam removal in terms of habitat for a particular biotic
community must be studied at several temporal and spatial scales. If change has also
occurred in watershed land use, impacts of dam removal will be moderated by systemic
changes. Additionally, the presence of the dam and its long term impacts may have
introduced structures, materials, and processes into the local riparian fabric so that
recovery is a not direct reversal of the process that created the impaired landscape. In the
case of a dam, impounded sediment creates a landform with a hydrologic function that
did not exist in the pre-dam system. These changes may hinder or mold habitat recovery.
Shafroth et al. (2002) indicate that post-dam vegetation can be expected to move through
transient states, lasting from 50 to 100 years, to either pre-dam vegetation or novel states
and that the trajectory will be influenced by landuse, channel morphology modifications,
groundwater impacts, initial colonists, and exotic species. Phipps et al. (1979) used
simulation models to develop equations relating the proportion on optimum growth for
riparian tree species to depth to water table. (Phipps et al., 1979, in Malanson, 1993, p.
106) In particular, the success of non-native, invasive weedy species is associated with
changes in the hydrology, changes in landuse, lowered water tables, and altered
soil/sediment properties. (Shafroth et al., 2002, p. -6) Decline of riparian tree species
populations on terraces next to deepening stream channels as a result of lowered water
tables has been reported. (Fenner et al., 1985, in Malanson, 1993, p. 115)
2. Study Site (adapted, in part, from Slawson, 2004a)
The Gunpowder Falls River at the Gunpowder Paper Mill Dam drains
approximately 27.2 mi2 in the highly dissected northern Baltimore and eastern Carroll
counties in the Maryland Piedmont. The Gunpowder Paper Mill Dam was built in 1781
and failed catastrophically on May, 31, 1889 and was rebuilt shortly thereafter. The dam
failed again in June, 1932 and was not rebuilt.(Seitz, 1946, p. 1) However, a footer and
one wing wall remains. Dewatering took place rapidly and a photograph taken in
September 1932 shows the former impoundment sediments covered in "wildflowers".
(Seitz, 1946) The Rockdale Railroad was built in 1890 on left bank of the impoundment
at the base of the valley slope, but ceased operating after several years. The railroad
embankment is still obvious and several of the culverts draining side valley tributaries are
still functioning. Some have clogged forming pocket wetlands on the upland side of the
embankment and draining over the river side of the embankment.
The earliest mention of tree species in the area around the Gunpowder Paper Mill
Dam is that of a white oak (Quercus alba) in a lease agreement from 1777. The same
agreement refers to the property "by the name of Barren Hill." (Seitz, 1946, p. 55) The
term "barrens" was often used to describe land that was unsuitable for agriculture, usually
steep wooded slopes. (Lemon, 1972, p. 0) In 1811, the will of William Hoffman, owner
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of the Gunpowder Paper Mill lands, describes the property metes and bounds, some of
which are marked with witness trees. Species include Spanish oak (Quercus falcata),
white oak (Quercus alba), and hickory (probably mockernut hickory, Carya tomentosa).
(Seitz, 1946, p. 2) In 1866, the property was sold, and the sales announcement described
the land as "rolling, well watered, has an abundance of wood and is in a good state of
cultivation." (Baltimore County Union, March 31, 1866, in Seitz, 1946, p. 8) This
announcement indicates that both woodlands and agriculture were in place.
In 1875, the Gunpowder Paper Mill converted to steam power. This power
conversion opened a market for "much wood" cut from the local forests and woodlands.
(Seitz, 1946, p. 1) In 1882, the will of William H. Hoffman bequeaths, among hundreds
of acres of land, a 7.5 acre tract of timber (Seitz, 1946, p. 5), suggesting that by 1882,
woodlands were becoming quite rare. This acreage lies in a steep rocky gorge below the
Gunpowder Paper Mill Dam and would have been difficult to log effectively. According
to witness tree information on a 1894 survey of the area, the tree community consisted of
some of the same species with some additions and more deciduous species than exist
today. Witness tree species include white oak (Quercus alba), black oak (Quercus
velutina), tulip poplar (Liriodendron tulipifera), American chestnut (Castanea dentata),
chestnut oak (Quercus prinus), and white pine (Pinus strobus). In 1901, the property
again changed hands and "the large old trees on the property were cut down and sawed
into lumber" for buildings (Seitz, 1946, p. 52) located on or near the 7.5-acre timbered
tract. The 1914 "Map of Baltimore County and Baltimore City: Showing the Forest Areas
by Commercial Types" shows the entire area surrounding the impoundment to be
forested in "culled hardwoods" with a yield of 1000-2000 board-feet per acre. (Besley,
1914, map), suggesting that the area surrounding the impoundment was well forested in
1914.
Photographs from the 1800s show the hillsides above the mill dam in over-grazed
pasture. An 1881 history describes the upper Gunpowder landscape and hydrology as
follows:
" …it no longer fills the wide channel which it once occupied, nor can it be
estimated to contain much more than one quarter of the volume of water that
belonged to it one hundred years ago. The drying up of the springs which
originally supplied its tributaries and the decomposition of rocks into soil along its
banks have changed the order of distribution of the waters and placed it in new
relations. Hillsides once covered with trees, shrubs and herbage, retained the rain
water near the surface or allowed it to flow in a gradual supply to the springs
beneath, with a notable proportion entering the cracks in the rocks to trickle
through and converge in the streams at a lower level. But now the hillsides baked
by the sun allows [sic] the rain to run off by a single impulse to be lost in swelling
floods…" (Scharf, 1881 in Seitz, 1946, p. )
The land surrounding the dam, including valley slopes up to the watershed divide,
was purchased in 1925 by the City of Baltimore as a contributory watershed to its
Prettyboy Reservoir, created by the 1933 closing of the Prettyboy Dam. The tailwater of
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the Prettyboy Reservoir ends 0.68 miles below the dam site. Since this purchase, the land
has been managed for water supply and timber cutting. In 1984, the north facing valley
slope was clear cut in small patches and in 1988, the south facing valley slope was clear
cut. (City of Baltimore, 2003, forestry records) Since 1989, an area parallel to the stream
channel and 750 feet in cross-section has been designated as a "Natural Reserve" area
that excludes timber harvesting. The Natural Reserve includes the entire former
impoundment and the steep slopes parallel to it and extends over one mile upstream of
the dam. According to the current forester and the predecessor forester of the Reservoir
Natural Resources Office, Environmental Services Division of the City of Baltimore,
Department of Public Works, Bureau of Water and Waste Water, no grazing, logging,
burning, mowing or any other vegetation management practice has been implemented on
the former impoundment surface during their tenures and they know of no historical
management practices having been implemented since acquisition of the land by the City.
In 1929, the Maryland State Forester determined that 29% of Baltimore County
was in forest land cover. As of 2003, the Maryland Department of Natural Resources
gave a population density in the Prettyboy Reservoir Watershed of 1.2 persons per acre
and listed 4,698 acres (10.5%) in urban land cover, 23,243 acres (52%) in agricultural
land cover, and 16,770 acres (37.5%) in forest land cover. (Maryland Department of
Natural Resources, 2003, p. 8-50) The primary landuse in most of the watershed has
remained agricultural to this day, though agriculture has declined in the Maryland
Piedmont by 25% since 1900. (Godfrey, 1997, p. 82) However, changes in agricultural
practices, especially implementation of soil conservation methods starting in the 1940s,
have modified the impact of agriculture on water and sediment discharge. (Trimble,
1974, p. 104-5) Prior to 1750, stream channel response to forested land cover was stable;
from 1800 to 1940, channel aggradation prevailed due to increased sediment erosion
from cleared lands; and since 1940, channel scouring and degradation have resulted from
reduced sediment erosion as a result of reforestation. (Wolman, 1964, in Costa, 1975, p.
1285)
The water and sediment flux in the Gunpowder Paper Mill impoundment and,
after dam failure, in the stream channel is directly related to land cover. Land cover is
directly related to land use. A time line (Table 2.1) can be established for forest and
woodland cover in the watershed contributory to the dam site. The trajectory of land
cover changes is the same throughout the watershed until 1901 after which the land cover
history of the area immediately surrounding the former impoundment diverges from that
of the upper watershed. The period from 1775 to 1932 would have been one of channel
aggradation and the period from 1932 to 2003, one of channel incision or degradation.
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General Time Line for Watershed Land Cover and Land Use above the Gunpowder
Paper Mill Dam
Impoundment Area
Upper Watershed
time line
landuse history
land cover
landuse history
land cover
saw mills, early mixed forest
pre-colonial Hoffman builds mixed
1st mill (1775)
hardwood forest settlements
with indigenous
to 1775
downstream of
with possible
burning of
the study site
indigenous
understory
burning of
understory
Gunpowder
weedy pasture
beginnings of
weedy pasture
1775-1781
Paper Mill dam and woodlands agricultural
and woodlands
(1781) at
clearing, initial
"Barren Hill",
clearing on
initial clearing
river bottoms
on river
and shallow
bottoms and
slopes
shallow slopes
extensive
cropland,
extensive
cropland,
1781-1875
agricultural
pasture,
agricultural
pasture,
clearing,
woodlands
clearing,
woodlands
woodlands
woodlands
maintained for
maintained for
fuel
fuel
mill conversion low-grade
exhaustive clear low-grade
1875-1893
to steam, RR
pasture, scrub,
cutting of
pasture, scrub,
built,
pasture,
remaining forest cropland,
exhaustive clear cropland
pasture,
cutting of
woodlands
remaining forest
mill closes, RR scrub, old fields agriculture
scrub, cropland,
1893-1901
fails, final trees
pasture,
cut down
woodlands
Gunpowder
old field
agriculture
low-grade
1901-1932
Paper Mill Dam succession
pasture, scrub,
fails (1932),
cropland,
land abandoned
pasture,
woodlands
City of
forest
soil
contour planted
1932-1945
Baltimore
succession
conservation
crop fields,
manages land
practices begin pasture
managed
forest
reduced farming contour planted
1945-1988
forestry
succession
and increased
crop fields,
residential use
pasture, lawns
and landscaping and gardens
Natural
forest
agricultural
old field
1988-2003
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succession,
contour planted
crop fields,
pasture, lawns
and gardens,
impervious cover
Table 2.1: Time line of land cover history in the Gunpowder Falls watershed above the
Gunpowder Paper Mill Dam.
Reserves Area
established

succession,
mixed
hardwoods and
evergreen forest

fields
abandoned,
residential use
increases

The time line suggests that from 1775 until 1932, the changes in land use and
related land cover in the immediate area of the former impoundment and in the watershed
as a whole would have resulted in increasing water runoff and topsoil erosion. Much of
this sediment would have been trapped in the impoundment. (Renwick et al., 2002,
conference presentation) The failure of the dam and dewatering of the impoundment
coincided in time with changes in agricultural practices throughout the region and with
the start of the City of Baltimore's stewardship of the impoundment area. Both water and
sediment discharge would have been reduced by these changes. Recent suburbanization
and some urbanization in the upper watershed in the last several decades may have
increased the water discharge while sediment discharge has continued to decline with
increased forestation and reduction in and improvements to agriculture.
3. Methods
On inspection of the study site, two features stand out. (Figure 3.1) The density of
trees on the former impoundment sediments is very sparse and the streambanks are high
and steep. Carpenter (1983) completed a study of 58 continuous flow record gauging
stations in the Eastern Maryland Piedmont and the basin characteristics that regression
analysis proved were significant to those flows. Only three characteristics were
significant in the Eastern Piedmont - drainage area, forest cover, and the 2-year, 24-hour
precipitation event. (Carpenter, 1983, p. 8) Therefore, reforestation might be expected to
have occurred on the impoundment sediments. In light of Carpenter's work, the methods
discussed below were used to determine if there is a connection between the sparseness
of trees on the impoundment surface and channel incision.
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Figure 3.1: Photo showing the sparseness of tree species on the former impoundment
surface in contrast to the well-wooded coverage on the upper slopes in November, 2001.
During a field study of the dam and impoundment site, three cross-sections,
GPMA, GPMB, and GPMC, were chosen as cross-sections that would have been directly
affected by the impounded water. Cross-sections GPMA and GPMB are located in the
widest part of the former impoundment and cross-section GPMC is near the upstream
limit of the former impoundment as shown in Figure 3.2.
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Figure 3.2: Map of the site of the former Gunpowder Paper Mill Dam and impoundment
with USGS contour lines. Surveyed transects of channel cross-sections, former dam
location, and land cover are shown.
The three channel cross-sections were surveyed using a laser level and electronic
distance measuring equipment. Soil cores were taken in the surface of the former
impoundment sediments to measure the depth to bedrock or saprolite to approximate the
pre-dam surface topography. The channel cross-section geometry was analyzed to
identify all significant breaks in topography. Each break was used to calculate an
associated channel discharge capacity (CDC). Either seven or eight breaks were
identified at each cross-section and were labeled with letters A to H. CDCs were chosen
from channel morphology indicators, such as breaks in slope, limits of vegetation types,
scour lines, and changes in regolith materials. Where trees were present on landforms,
tree ages from annual ring data were used to date the most recent disturbance large
enough to remove trees. Tree coring data is discussed in more detail in Section 3.2.
Cross-Section GPMC
Cross-section GPMC's channel surface and bedrock topography, labeled CDCs,
railroad bed embankment, and the probable elevation of the former Gunpowder Paper
Mill Dam are shown in Figure 3.2. The breast of the dam ruins is at an elevation below
the streambed elevation at this cross-section. Historic maps and aerial photographs
clearly show that the original impoundment extended upstream of this cross-section.
Botanical evidence of tree rings indicates that the dam as rebuilt in 1889 was lower than
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it had been. A core from a red maple (Acer rubrum) revealed an age of 144 years, which
back-calculates from the date of the core to 1889, the year of the initial dam breach. If the
dam had been rebuilt to the original height, the site where this tree is growing would have
been underwater and the tree could not have grown there. All elevations are referenced to
an arbitrary datum.
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Figure 3.2: Topography of GPMC from land survey and bedrock topography from soil
cores. CDCs are labeled A-H. Flow is towards the reader. Green triangles indicate
landform location of cored trees with ages from annual rings.
Cross-Section GPMB
Cross-section GPMB's channel surface and bedrock topography, labeled CDCs,
railroad bed embankment, forest road, the probable elevation of the former Gunpowder
Paper Mill Dam, and the present elevation of the dam breach are shown in Figure 3.3 and
in detail in Figure 3.4.
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GPMB Channel Cross-Section Surface and Bedrock Topography
45

163 yrs

40

62 yrs

forest
road

30

35 yrs

80 yrs

railroad
bed

22 yrs

25

surface
bedrock

20

dam
breach
160

140

120

100

80

60

40

20

0

15

180

elevation (m)

35

distance (m )

Figure 3.3: Topography of GPMB from land survey and bedrock topography from soil
cores. Flow is towards the reader. Green triangles indicate landform location of cored
trees with ages from annual rings.
GPMB Channel Cross-Section Surface and Bedrock Topography with Channel
Discharge Capacities (CDCs) - detail
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Figure 3.4: Detail of topography of GPMB from land survey and bedrock topography
from soil cores. CDCs are labeled A-H. Flow is towards the reader.
Cross-Section GPMA
Cross-section GPMA channel surface and bedrock topography, labeled CDCs,
forest road, the probable elevation of the former Gunpowder Paper Mill Dam, and the
present elevation of the dam breach are shown in Figure 3.5. There is a remnant dam
footer still in the bottom of the breach that controls bed grade at this cross-section.
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GPMA Channel Cross-Section Surface and Bedrock Topography
with Channel Discharge Capacities (CDCs)
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Figure 3.5: Topography of GPMA from land survey and bedrock topography from soil
cores. CDCs are labeled A-G. Flow is towards the reader. Green triangles indicate
landform location of cored trees with ages from annual rings.
3.1. Determining Landuse-based Runoff and Sediment Yield
The landuse history has a bearing on channel morphology before the dam was
built, on the amount of sediment that was deposited in the impoundment after the dam
was built and on the depth of the sediments deposited during the dam's life span. Landuse
after dam failure has a bearing on the channel's current morphology. All historic
landscapes are the result of erosion and deposition, which are controlled by the relative
changes in excess precipitation or runoff (Pe) and sediment yield (SY).
For the purpose of analyzing the relative changes in Pe and SY, landuse history
has been divided into three landuse categories. (Table 3.1) Landuse during each time
period was determined from historical documents and photographs. Each category is
assigned a land cover and, for one category, two consecutive land management scenarios
are considered. During the period prior to 1775, historical records indicate that the
landcover was woodlands. Because the initial land grant labels the property as "Barren
Hill" and the term "barrens" was applied to steep woodlands with the understory burnt
out by the Native Americans for management of hunting species (Lemon, 1972, p. 0;
Pyne, 1982, p. 0), such as deer, elk, and rabbits, the land cover is classified as disturbed
woodlands in poor hydrologic condition, where forest litter, small trees, and brush have
been destroyed by burning (Haan et al., 1994, p. 00). The landcover in the period from
1775-1901 is classified as pasture, with two types of land management. Initially, the land
was cleared and probably grazed by pigs and goats and was covered with weedy, lowgrade pasture and was in poor hydrologic condition. Subsequently, photographs show
that the slopes were grass pastures that were either mowed or grazed and in better
hydrologic condition than the pasture with broad-leafed cover. Photographs from the
early 1900s until dam failure in 1932 show the slopes around the dam as well-wooded.
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Aerial photographs from 1961 (Baltimore County Office of Planning, 1961) show the
area as thickly forested. Of course, a great deal of the upper Gunpowder watershed is still
in agricultural land use. For the modern Pe and SY calculations, only forest cover was
considered because of the presence of another dam at Roller, MD upstream, which failed
in 1972. Aerial photographs show the valley to be forested upstream as far as Roller.
Sediments produced prior to 1972 would have been deposited behind the Roller Flour
Mill Dam. Sediments that were released in 1972 were probably not redeposited in the
former Gunpowder Paper Mill impoundment because channel incision had already
occurred. They were either redeposited elsewhere in the system or removed to the
Prettyboy Reservoir.
Time Period
pre-1775
1775-1901

Land Cover
Curve Number
woodlands (understory burned)
66
pasture (broad-leafed)
79
pasture (grass)
67
1901-2003
forest (managed)
55
Table 3.1: Landuse and land cover history with NRCS Curve Numbers.
Pe was calculated using the standard Soil Conservation Service method. (Bedient
and Huber, 1992, p. 28) This method is commonly used by stormwater engineers and
landuse planners and appears in many local land development ordinances. A curve
numbers is assigned to each land cover and hydrologic soil group pair and is used as a
stormwater abstraction term for computing runoff in event simulations. (Fennessey and
Hawkins, 2001, p. ) The value used for precipitation was the two-year, 24-hour return
period rainfall event (3.1 in).
Pe = (P - 0.2 S)2/(P + 0.8S)

Equation 3.1
Where:
Pe = excess precipitation (in)
P = precipitation (in)
S = potential maximum retention after runoff begins (in)
S = 1000/CN - 10

Equation 3.2

Where:
CN = SCS Curve Number for land cover and hydrologic soil group
Sediment yield was calculated using the Revised Universal Soil Loss Equation. (Haan et
al., 1994, p. 49) The RUSLE equation is commonly used by agronomists and soil
conservation technicians. All calculations were completed using the computerized
version RUSLE Version 1.06b. (USDA, 1995) The factor values used in the equation are
shown in Table 3.2.
SY = A = RKLSCP

Equation 3.3

Where:
SY = sediment yield at base of slope (tons/ac/yr)
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A = average soil loss per unit area (tons/ac/yr)
R = rainfall/runoff factor (yr)
K = erodibility factor (tons/ac)
LS = length and slope factor
C = cover factor
P = conservation practice factor
SDR = sediment delivery ratio
SY = SDR/A

Equation 3.4

A representative slope in the impoundment valley was used with gradients determined
from the USGS topographic quadrangle, Lineboro, MD.-PA. (1953, photoinspected
1984). The slope was divided into three segments to differentiate between the three major
gradient categories of ridge top, ridge shoulder, and steep slope. Soils were identified
from the Baltimore County Soil Survey as Manor and Brandywine sandy loam soils in
hydrologic soil group B with moderately low runoff potential.
Landuse
R
K
LS
C
P
SDR
woodlands
150
0.179
11.54
0.003
1
1
(burned)
pasture
150
0.179
7.211
0.043
1
1
(weeds)
pasture
150
0.179
7.211
0.013
1
1
(grass)
forest
150
0.179
11.54
0.001
1
1
(managed)
Table 3.2: Values used for variables in the Revised Universal Soil Loss Equation at the
Gunpowder Paper Mill Dam site.
3.2. Tree Cores
Botanical evidence from tree species was used to date the occurrence of the most
recent disturbances to landforms at each cross-section. (Sigafoos, 1964, p. A5) Dating of
landform disturbance is necessary to determine whether or not the sparseness of trees is
due to a history of disturbance events. Tree ages determined by coring helped to identify
the date of the most recent disturbance that might have negatively impacted the landform
as habitat for tree species. Where available on each landform, several trees that showed
no obvious signs of flood damage, such as scarring, sprouting or distorted trunk shape,
were cored and the tree locations determined using a global positioning system (GPS).
Where more than one of a species was present on a landform, the individual of each
species with the largest circumference was chosen for coring. Cores were taken four feet
from the ground and the trunk circumference was measured at the same height. Cores
were air dried, mounted in grooved wooden mounts, and fine sanded. Prepared cores
were examined under a stereoscope and annual rings were counted to determine age.
There are some trees growing on the former impoundment sediments but the
density is quite sparse compared to the tree density on the steep valley slopes. Logically,
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when compared to the successionary process that has taken place on old fields in the area,
the former impoundment surface should have experienced reforestation. The
impoundment sediments are much less steep and the sediments are deep and fine, while
the valley slopes are very steep and the soils very shallow and rocky. A survey was made
of the tree species and numbers on the southern side of the former impoundment
sediments, a survey area of 8313 m2 (2.05 ac). The landform was divided into three sublandforms based on slope and elevation and included the higher level area at the bottom
of the valley slope, a steep sloping bank next to the stream, and a small modern
floodplain. The sub-landform location of the trees was noted. In addition, the herbaceous
vegetation species were identified.
3.3. Sediment Cores
Because succession by tree species has not taken place on the former
impoundment sediments, the hydrologic function of the sediments was studied. The
ability of trees to acquire moisture from the sediments is partially dependent on rooting
habit. Tree species with a shallow, spreading rooting habit need moisture to be available
at upper elevations of the sediment column, and species with deep penetrating roots or a
taproot can draw moisture from lower elevations (Foth and Turk, 1972, p. 70). The
drainage capacity of the former impoundment sediments may affect the suitability of the
sediments for tree habitat. Poorly drained or saturated sediments inhibit root development
at depth. (Foth and Turk, 1972, p. 96) Lack of oxygen in saturated sediment inhibits
biological activity, such as root respiration. (Foth and Turk, 1972, p. 78) Shallow root
development can make trees more susceptible to being over thrown by high wind or
flooding. Root systems that experience long wet conditions may rot and are subject to
disease. Excessively well-drained soils may provide insufficient soil moisture during the
growing season, as shallow roots may not reach a sufficient water supply during periods
of seasonal low water tables or drought. Low moisture content results in high soil
moisture tension, which a tree may not be able to overcome. (Foth and Turk, 1972, p. 76)
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Figure 3.6: Map of the former impoundment at the Gunpowder Paper Mill with surveyed
cross-sections and location of sediment cores.
Sediment cores were taken along the surveyed transects and at selected other sites on
the former impoundment, using a 0.3 m hand auger. (Figure 3.6) Each 0.3-m of core was
examined for changes in matrix color, structure, and texture and for the presence of plant
material, odors indicating anaerobic processes, archaeological artifacts, and mottles
indicating water table fluctuation. Samples were taken in every 0.3-m of core and cores
extended to the depth where saprolite impeded the augur. If a variation was noted in the
field within a 0.3-m core section then several samples were taken. Each sample was air
dried. The sample was analyzed in the laboratory for moisture characteristics that bear on
the habitat suitability for trees, as shown in the following steps.
1. The dry sample was sub-sampled.
2. The sub-sample was dampened.
3. The sub-sample’s color was examined under full-spectrum light and was categorized
by Munsell hue, value, and chroma. (Color Communications, 1996) Particular note
was made for indicators of oxidation (bright colors) and reduction (dull colors or
gray).
4. The sub-sample was tested by hand for approximate texture (sand, silt, and/or clay)
and the presence of organic materials.
5. The balance of the dry sample was examined for mottling as follows:
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a. The percent of coverage of a fresh face of material by mottles was determined.
The percent mottles on fresh sediment mass faces was limited to the categories of
less than 2%, between 2 and 20%, and greater than 20%. (Birkeland, 1999, p. 51)
b. The color of the mottles was noted to indicate iron or manganese oxidation or
reduction.
Sediment color uniformity and vertical changes can be used to assess the
elevation of the permanently saturated zone and the range of the seasonal variability of
the water table elevation. Redoximorphic features reflect chemical processes occurring in
the sediments as a result of moisture content. Bluish-gray (gleyic) color throughout a
sediment volume indicates year-round saturation that provides reducing conditions in the
absence of oxygen. Uniform bright sediment color indicates that the sediment is welldrained, oxygen is plentiful, and oxidation is taking place. In sediments where the
moisture content fluctuates seasonally between saturated (reducing) conditions and low
moisture (oxidizing) conditions, mottling can occur. Mottled color patterns are a repeated
variation in color in small masses throughout a sediment volume that is not a result of an
attribute of the parent material. Mottle colors may be yellow, brown or red from iron (Fe)
compounds or blue or black from manganese (Mn) compounds. Redoximorphic features
can be either concentrations or depletions. Concentrations are masses of Fe and Mn that
are released during weathering and precipitated near to the release point. These
concentrations occur in well drained sediments. Depletions occur when the Fe and/or Mn
stay in solution under saturated conditions. If the sediment water is also in motion, the
ions will be removed. (Birkeland, 1999, pp. 134-5; Rapp and Hill, 1998, p. 38) In the
Maryland Piedmont, the source of ferric iron is the mineral magnetite and ilmenite (Low
et al., 2002, p. 71), FeFe2O4 and FeTiO3 respectively (Blackburn and Dennen, 1988, pp.
265, 271). In this geology, both iron and manganese have been noted at elevated
concentrations in groundwater. (Low et al., 2002, p. 76) The clay material has its
provenance in the muscovite mica of the Wissahickon schists (USDA, SCS, 1976, p. 144)
and are the micaceous clays (illite group), which are non-expanding (Brady and Weil,
1996, p. 251).
The presence of organic material in the sediment contributes to the development
of redoximorphic features. Bacteria in sediments require organic material as a food
source. When sediment becomes saturated, aerobic bacteria quickly use up available
oxygen from water and become dormant. Anaerobic bacteria then take over. Some
anaerobic bacteria use ferric iron (Fe3+) as an electron acceptor in metabolism. (NRCS,
from Lynn and Pearson, 2000; Rapp and Hill, 1998, p. 38) This process reduces iron to
ferrous iron (Fe2+), which is water soluble and colorless. Other anaerobic bacteria use
Mn4+ in the same manner, creating soluble and colorless Mn3+. (NRCS, from Lynn and
Pearson, 2000; Rapp and Hill, 1998, p. 38)
The structural make up of the sediment affects permeability (the rate of water
infiltration) and matric potential (the attraction of the sediment and plant matrix for
water). (Taylor, 1972, p. 13) Infiltration rate decreases with decrease in sediment size
(Taylor, 1972, p. 316) and the presence of clay can increase the amount of moisture
storage and nutrient loss to leaching by slowing the rate of infiltration. The term "matric
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potential" is synonymous with soil moisture tension, but opposite in sign. (Taylor, 1972,
p. 14) The smaller the sediment sizes, the greater the surface area and the more negative
the matric potential as more surface is available for adhesion of water molecules. Siltyclay will have a much lower matric potential (more negative) for the same water content
than a coarser silt loam would have. Moisture may be less available to plants in the finer
sized sediment than in coarser sized sediment. A plant's ability to remove moisture is
related to soil moisture tension and not to the amount of water present. (Foth and Turk,
1972, p. 73-4) A high silt-clay content can create a perched water table and inhibit
capillary flow from deeper water storage. (Foth and Turk, 1972, p. 36-7)
In an unsaturated medium, capillarity, the movement by the attraction of liquid
molecules across the contact surface of a solid, plays an important role in the availability
of moisture in sediments to plants. Because water will move by capillary action only
from a larger capillary to a smaller one, the layering of sediment sizes controls the
direction of moisture movement in the sediment column. If a finer sediment layer
overlays a coarser layer, the tendency will be for moisture to move upwards. Capillary
action will only take place if there is a pressure gradient so that movement is from a place
of higher pressure to one of lower pressure. At the surface of the saturated zone (the
water table), pressure is zero. A space (capillary) in the unsaturated sediment that
connects to the water table will cause water to move up into the space of lower pressure
from the water table, which is under greater pressure. Upward movement will continue
until the negative upward pressure is in equilibrium with the downward positive pressure.
Upward movement will be slower in finer sediments because of greater water to solid
surface adhesion. (Foth and Turk, 1972, p. 68)
The flow of water in the column, upward through capillary action (cohesion
water) and downward from gravitational pull (gravitational water), is affected by the
permeability and adhesion capacity of finer materials. The percent of fine particles
(<0.074 mm), silt and clay, is of particular interest, as is location in the sediment column.
Adhesion water is held to particles by strong electrical forces and is unavailable to plants.
Per unit depth of water in sediment at field capacity (gravitational water removed), the
finer particles hold more water, but less of it is available to plants. (Foth and Turk, 1972,
p. 84) A high percent of fine material reduces size heterogeneity permitting increased
packing and decreased space for air and cohesion water storage.
In addition to holding more water, the finer clay sediments have a higher cation
exchange capacity (CEC) than sandier soils, which enables them to release nutrient
cations into the soil water for uptake by plant roots. However, silicate clays, such as those
in the former impoundment, have a lower CEC than other clays because of their
relatively low organic content. (Brady and Weil, 1996, p. 265) As a result, these
sediments may not be very fertile.
To determine the current hydrologic condition of the remnant impoundment
sediments, sediment cores were taken. The sediment cores were analsyzed in part to
determine the depth to the permanent water table and the range of the seasonal water
table. If present, five major characteristics of color and structure were noted.
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1. Boundary of brown, organic sediment layers with no mottling and macro-structure
vegetation material (possible O soil horizon).
2. Boundary of bright, uniform, oxidized sediment layers with no mottling, indicative of
well drained sediments that are seldom saturated.
3. Boundary of bright, mottled sediment layers, indicative of seasonally fluctuating
water table and a cycle of reduction and oxidation, and percent coverage of sediment
mass face by mottles.
4. Boundary of gleyic layers with or without mottling, indicative of continuous
saturation and reduction.
5. Presence of saprolite, indicative of parent material.
6. Changes with depth in silt-clay percent that would facilitate capillary rise in the
sediment column.
7. Presence of layers with high silt-clay content that may cause surface runoff or
interlayer flow on a perched aquifer.
As a result of the previous discussion, qualitative guidelines, shown in Table 3.3,
were developed for sediment core analysis.
Characteristic:
Percent silt-clay
content

Percent mottles

Matrix color:
hue
chroma

Sediment Core Analysis Guidelines
Ranges and Interpretation
higher
lower
more adhesion
more cohesion
water, less capillary water, greater
movement
capillary movement
greater moisture
less moisture
storage, high soil
storage, lower soil
moisture tension,
moisture tension,
water less available water more
to plants
available to plants
higher cation
lower cation
exchange, more
exchange, less
fertile
fertile
less aeration
more aeration
slower gravitational faster gravitational
drainage
drainage
>20%
2-20%
<2%
more frequent and
infrequent and less
above water table
prolonged water
prolonged water
year round or
table fluctuation
table fluctuation
saturated year round
redder (10, 7.5)
older soils
more oxidized
high (8, 6)
well-drained

yellower (5, 2.5)
younger soils
less oxidized
medium (4, 3)
moderately drained

gley
saturated soils
reduced
low (2, 1)
poorly drained
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oxidized
somewhat oxidized
reduced
well aerated
somewhat aerated
poorly aerated
value
high (8, 7)
medium (6, 5)
low (4, 2)
dry
moist
wet
relative position in column is considered in terms of above
depth
characteristics
Plant material
present throughout
at specific depth
absent
(macro only)
deep core:
surface: from
too deep for
depositional
existing growth
penetration by roots
shallow core: from
buried: depositional or remnant eroded
existing growth
or buried original
surface
surface
observed
not observed
Water-table
observed
not observed
Saprolite/bedrock
Table 3.3: Sediment core characteristics used in the analysis of study data.
The particle size distribution by weight of each sample was determined. In the
laboratory, the samples were processed to determine sediment size classes using the
following dry sieving steps. (Shackley, 1975, p. 112-3)
9. The dry sample was sub-sampled (≈ 2.0 g) and weighed.
10. The sample was placed in a container with a No. 200 US Standard Sieve (0.074 mm,
Ф = 3.76) and washed with a water jet.
11. The sample fraction that did not pass the No. 200 sieve was placed in a microwave
oven and dried for five minutes.
12. The dried sample was weighed to obtain a washed weight.
13. The dried sample was passed through a series of six stainless steel screen sieves in a
Keck Sand Shaker Mechanical Sieve Field Analysis Kit: No. 100 (0.15 mm, Ф =
2.71), No. 40 (0.38 mm, Ф = 1.39), No. 35 (0.54 mm, Ф = 0.89), No. 10 (1.91 mm, Ф
= -0.93), No. 6 (3.35 mm, Ф = -1.75), and No. 4 (4.75 mm, Ф = -2.25). The amount
that passed the No. 100 sieve was assumed to be retained by the No. 200 sieve.
14. The amount retained by each sieve size was weighed. The difference between the dry
sample weight and the washed weight was assumed to be the part that had passed the
No. 200 sieve (<0.074 mm, Ф > 3.76).
The fraction that passed the No. 200 sieve is the silt-clay fraction. The silt-clay was
calculated as a percent by weight of the entire sample.
To ascertain the possibility that the sediments studied were not the product of
modern, post-dam failure deposition from either extreme flood events or colluvial
processes, the size distribution of the impoundment sediments was compared with those
of the sediments deposited in the Prettyboy Reservoir since its closure in 1933. Particular
note was made of the silt-clay percent. This sample was collected during the drought of
2002 that drained the Prettyboy Reservoir.
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4. Results and Discussion
4.1. Landuse-based Runoff and Sediment Yield
Both excess precipitation (Pe) and sediment yield (SY) were calculated for the
slopes bordering the impoundment area. The overall slope used for sediment yield
calculations is 24.3%. The results are presented in Table 4.1. The percent change in Pe
and SY as a result of historic landuse/cover was analyzed. The results are presented in
Table 4.2.
Time
Period
pre-1775
1775-1901

Land Cover

Pe (in)

SY (tons/ac/yr)

woodlands (understory burned)
0.593
0.9
pasture (weeds)
1.262
8.3
pasture (grass)
0.635
2.5
1901-2003
forest (managed)
0.222
0.3
Table 4.1: Excess precipitation and sediment yield for the slopes surrounding the former
impoundment. The two-year, 24-hour rainfall event of 3.1 inches was used to calculated
Pe.
Land Use/Cover Change
% Change in Pe
% Change in SY %SY/%Pe
Pre-Colonial Woodlands 112.8
792.5
7.03
Poor Pasture
Pre-Colonial Woodlands 7.1
168.8
23.77
Good Pasture
Pre-Colonial Woodlands -62.6
-66.7
1.07
Modern Forest
Poor Pasture - Good Pasture
-49.7
-69.9
1.41
Poor Pasture - Modern Forest
-82.4
-96.3
1.17
Good Pasture - Modern Forest
-65.0
-87.6
1.35
Table 4.2: Percent change in excess precipitation and sediment yield and ratio of
sediment yield to excess precipitation for changes in landuse and cover. Italics indicates
percent changes that did not happen historically, but which are included because they
reflect on the magnitude and direction of potential future changes in the impoundment
sediments.
The change in land cover from pre-Colonial woodlands with burnt understory to
pasture in weeds or grass leads to increases in excess precipitation and sediment yield.
Poor pasture land cover results in a seven-fold increase in sediment over runoff. Grassy
pasture reduces runoff to nearly the same as the pre-Colonial woodlands, but sediment
increase is over 23 times that of runoff. Grass seems to provide better infiltration, but
sediment is still mobilized on steep slopes. This is consistent with land cover
management analysis of Manor soils, in which it is recommended that steep slopes not
be used for pasture because of potential erosion problems. (USDA, SCS, 1963) Either of
the changes describe above would have led to channel aggradation and, in the case of the
Gunpowder Paper Mill Dam site, would have filled the impoundment with sediment. As
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the historical change was from pre-Colonial woodlands to modern forest, the runoff and
sediment yield would have been significant until the newly cleared land with weedy first
growth was planted in grasses or grasses succeeded.
The change in land cover from poor weedy pasture to good grassy pasture would
have been accompanied by a decrease in both runoff and sediment yield with the decrease
in sediment greater than the decrease in runoff. The effect on the impoundment would
have been to lower the rate of sediment deposition, but sediment would have continued
to be deposited. The change in land cover from good grassy pasture to modern forest also
results in a decrease of runoff and sediment yield with the decrease in sediment greater
than the decrease in runoff. Once again, the sediment deposition rate would have
decreased until 1932 when the dam failed. At this point, the greater decrease in sediment
relative to that of runoff would have caused the channel to incise into the impounded
sediments.
The percent change in runoff and sediment yield between pre-Colonial woodlands
and modern forest is a decrease, with sediment yield decreasing slightly more than
runoff. The modern forest is more conserving of water and sediment than the preColonial woodlands due to the increase in forest litter, canopy cover, and understory.
Because it is slightly more conserving of sediment than water, this land cover change
scenario would lead to continued minor channel degradation. Even though this is not a
land cover progression that occurred historically, the percent changes indicate that
channel morphology may remain essentially the same as it is today because the modern
forests are more conservative of water and sediment that were the pre-Colonial
woodlands. Analysis of substrate sediment size range suggests that fine sediments are
being transported and that dominant sediment sizes are in the gravel and small cobble
size classes. (Slawson, 2004b)
Minor floodplains have become established in the bottom of the channel at GPMB
and GPMC. Tree ring evidence dates these floodplains to have been sufficiently well
established for tree growth 22 and 33 years ago respectively. The tree ages suggest that
the floodplain at GPMB only became sufficiently established to support tree species after
1981 and at GPMC after 1970. At cross-section GPMB, there may have been a floodplain
with tree species prior to these dates, but the incised nature of the channel would have
concentrated the impact of Hurricane Agnes (1972) within the channel in such a way as
to remove any growth or developing landform in the channel bottom. At cross-section
GPMC, Hurricane Agnes may have been a lower energy, overbank event and the red
maple sapling may have survived. A measure of landform recovery as habitat for trees
should preclude catastrophic disturbance within the temporal scale of tree life cycles.
Even though a floodplain develops, if it cannot remain suitable habitat for trees during
larger flow events, then channel morphology cannot be said to have recovered.
4.3. Moisture Characteristics of the Impoundment Sediments for Tree Species
The Baltimore County Soil Survey (1976) classifies the sediments of the former
Gunpowder Paper Mill Dam impoundment as an Inceptisol in the Codorus Series. The
suborder is Fluvaquentic Dystrochrepts (USDA, SCS, 1976, p. 42), recent river deposit
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associated with prolonged wetness having low base saturation (acidic) and an ochric
epipedon. The use of the modifier "Fluvaquentic" suggests that the surveyor recognized
the possibility of an Entisol designation, as this modifier is normally associated with
Entisols and not Inceptisols (Brady and Weil, 1996, p. 69). The distinction may be
important because the Entisol order has the least profile development and little or no
evidence of soil formation, which is the case at the study site. An Inceptisol has a distinct
Bw horizon (reddened by oxidation but not clay-enriched) (Birkeland, 1999, p. 47). No
Bw horizon was found at the study site. There are some changes in silt-clay content at
different depths in the sediment column, but these may be a result of deposition events in
the impoundment rather than of illuviation associated with soil development.
The surrounding steep slopes have soils in the Manor and Brandywine Series,
order Inceptisols, subgroup Typic Dystochrepts, with slopes from 25 to 65%.(USDA,
SCS, 1976, p. 142 and Sheet 4) Manor and Brandywine soil on steep slopes is very
shallow with depth to bedrock of 0.17 to 0.33 m. Manor soils are suitable for woodlands
and low-grade pasture and are prone to erosion and droughtiness. (USDA, SCS, 1963, p.
8) It is interesting to note that a casual survey of land grant descriptions from Baltimore
County, MD and York County, PA give place names or land cover descriptions that use
the word "barrens" for parcels on Manor soils. Historically, this soil was stripped of
timber and turned into low grade pasture and hayfields. This land use also occurred at
the Gunpowder Paper Mill. (Figure 4.1) Increased erosion of upland Manor and
Brandywine soils into the impoundment took place for approximately 130 years, starting
with initial clearing, and the erosion rate would have depended on the seasonality of land
uses and the precipitation events. (Costa, 1975, p. 1281) Total erosion depth of Manor
and Brandywine soils in the Piedmont from the beginning of the colonial period to 1975
is estimated to be 15 cm. (Costa, 1975, p. 1282) Scully and Arnold (1981) found
floodplain sediments deposited during the historic period (late 1700s onward) due to
forest clearing in the Susquehanna River basin to be unaltered by pedogenic processes.
(Scully and Arnold, 1981, p. 327) The use of the term "horizon" has been avoided in this
analysis of the impoundment sediments in favor of the term "layer" because differences at
depth are not clearly associated with soil formation. However, it would also be correct to
refer to these layers as a whole as an oxidized C horizon, where the parent material is
alluvial sediment. (Scully and Arnold, 1981, p. 339) Therefore, the lack of soil
development in the impoundment sediments is to be expected.
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hayfield
pasture

eroded
scarp

stream
bank
Figure 4.1: Gunpowder Paper Mill and surrounding steep hillsides in the early 1890s.
Note haystacks on the upper ridge, low grade pasture on steep middle slopes, eroded
scarps on lower slopes, and bare stream banks. (Photo courtesy of Carlton Seitz's family
archive)
Sediment cores were taken to characterize the moisture conditions of the remnant
impoundment sediments as they relate to tree habitat. Structure of the riparian vegetation
after dam removal has been associated with changes in water table dynamics and the
particle size distribution in the impoundment sediments. (Shafroth et al., 2002, p. ) Soil
moisture influences which species will be most successful in the colonization of a site.
(Shafroth et al., 2002, p. ) The lowering of the alluvial water table and capillary fringe
may result in the loss of groundwater storage and dewatering of the roots of riparian
vegetation and may prevent establishment of new plants. (Bravard et al., 1999, p. 06)
The lowering of the water table may result in the initiation of changed successional
trajectories as habitat suitable for invasive species is created. (Bravard et al., 1999, p. 21)
The depth to bedrock, depth to water table, extent of water table fluctuation, and percent
content of fine silt and clay particles were considered. The bedrock is highly fractured
and groundwater is stored in these fractures as it drains from the regolith. The water table
can extend up into the regolith or may remain below the bedrock surface. This seasonal
water table fluctuation creates a pattern of oxidizing and reducing conditions, resulting in
significant mottling of sediments. Throughout the seasons in the Maryland Piedmont, the
water table reaches its maximum elevation in the late winter and spring and its minimum
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during the late summer and autumn. The bedrock aquifer in the former impoundment is
generally unconfined, though isolated perched aquifers on clay layers are present.
Costa (1975) analyzed the landuse and sedimentation rate from 1914 to 1973 for
the Loch Raven Reservoir, which is located on the Gunpowder Falls River downstream
from the Prettyboy Reservoir, in conjunction with the mapping of the surficial sediment
deposits in the Western Run watershed, a tributary of the Gunpowder Falls River. From
these studies, Costa calculated that 14% percent of sediment historically eroded from the
upland areas was kept in long-term storage in floodplains, 52% in colluvial sheetwash
deposits at the base of slopes, and 34% left the system. (Costa, 1975, p. 282) During the
period from 1781 to 1932, the percent sediment that left the system from the upper
Gunpowder (below Roller, MD, location of a flour mill dam) was stored in the
Gunpowder Paper Mill Dam impoundment. In the case of the valley slopes immediately
adjacent to the impoundment, the colluvial sheetwash deposits would also have been
stored in the impoundment.
Two major types of sediment deposition appear to have taken place in the
impoundment, longitudinal and lateral. Because cross-section GPMC is so near the top of
the former impoundment, most sediment deposition would have had its origin in
materials eroded from upstream and delivered longitudinally in a flow path parallel to the
stream. These materials would have been deposited in a prograded delta, as shown in
Figure 4.2. (Baxter, 1977, p. 59) Depending on the time of year, the magnitude of the
event, the current land use, and the extent of previous erosion, each prograded deposit
layer would have had different percents of silt-clay and organic material. Gradients of
layer topography and characteristics were created that affected the subsequent
distribution and movement of sediment moisture in the post-dam period. The slope of the
prograded layers would have been controlled more by the downstream topography than
by the lateral topography.
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Figure 4.2: Longitudinal profile diagram of prograded sediment deposition delta parallel
to stream flow. Deposit layers are numbered in chronological deposition order. Note
hydraulic jump (A) where rapid stream flow meets the still impoundment water.
During most of the period of impoundment, land uses were predominantly timber
and agriculture (livestock and crops), both of which denuded steep slopes of vegetation
and caused the erosion of soils that would then have been trapped in the impoundment.
For the Loch Raven Reservoir watershed on the Gunpowder, downstream from the
Prettyboy Reservoir, Costa (1975) found that 52% of the eroded sediment from
agriculture is stored at the base of slopes and was delivered there by sheetwash and has
not moved through the stream system. (Costa, 1975, p. 1283) Most reservoirs trap most
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of the sediment delivered to them from upstream. (Williams and Wolman, 1985, p. 3) In
the case of the Gunpowder Paper Mill impoundment, trap efficiency was probably close
to 100%. At cross-sections GPMA and GPMB, sediment deposition from lateral valley
side slope erosion would have occurred by progradation, as shown in Figure 4.3.

1
2
3
4
Figure 4.3: Diagram of lateral sediment deposit progradation from valley side slopes into
the impoundment caused by overland flow. Numbers refer to order of deposition.
Depending on the time of year, the magnitude of the event, the current land use, and the
extent of previous erosion, each prograded deposit layer would have different percents of
silt-clay sized sediments and organic material. Gradients of layer topography and
characteristics were created that affected the distribution and movement of sediment
moisture in the post-dam period. Where a layer with less silt-clay and organic material
overlays a layer with more silt-clay and organics, sediment moisture will infiltrate
through the superior layer and move laterally over the inferior layer downslope from the
valley side to the streambank rather than vertically in the sediment column. Where a layer
with a higher percent silt-clay overlays a layer with a lower percent silt-clay, moisture
will move laterally over the superior layer and the inferior layer will be dry.
The results of the analysis of the hydrologic function of the sediment in each core
is presented below in tables that show the functional layers, sample identifiers and depth
in the core, the percent by weight of silt-clay and percent of sample mass face that is
covered in mottles, and the matrix hue, chroma, and value. Following each table is a
diagram of the core showing the major moisture flows. All the layers have a slope based
on a prograded deposition scenario, though this is not shown in the diagrams.
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SEDIMENT CORE MOISTURE FLOW KEY
runoff
silt-clay layer flow
P
perched aquifer
silt-clay layer
infiltration

percolation

capillary rise

seasonally high water table

saturated zone

Figure 4.4: Sediment core moisture flow key.
The following parameters were used to determine the flow paths.
1. runoff: surface layer with silt-clay content >25%, suggesting the possibility of surface
runoff in the absence of vegetation.
2. silt-clay layer flow: layer with high silt-clay percent that has infiltration water
supplied to it and some flow that is lateral across the layer.
3. perched aquifer: layer with silt-clay percent ≥70%, indicating that the layer is largely
impermeable and that flow is lateral across the layer, mottling >20%.
4. silt-clay layer: layer with high silt-clay content but no water supply from infiltration,
percolation, capillary rise, or seasonally high water table.
5. infiltration: water flow is downward through the vadose or unsaturated zone.
6. percolation: movement of water through saturated sediment.
7. capillary rise: water is supplied from below and rises through layers where silt-clay
percent increases with elevation and mottling >20%.
8. seasonally high water table (SHWT): mottling >20% and oxidized matrix.
9. saturated zone: matrix chroma is reduced.
Three major characteristics were used to determine suitability of a sediment site as
habitat for tree species normally associated with succession on alluvial deposits in the
Maryland Piedmont as follows.
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1. Depth of infiltration before a partially confining layer was reached.
2. Depth to and extent of sediment layers without a water supply from infiltration or
capillarity.
3. Elevation of the permanent or seasonally high water table in the sediment column.
Cross-Section GPMC
At cross-section GPMC, the depth to bedrock reaches a maximum of 0.90 m at
CDC-G. The streambed slope through GPMC is 0.7%. The lateral bedrock slope from the
railroad embankment to CDC-G is 13.8% and the surface slope is only 3.3%. Some
combination of lateral and downstream slope subsurface flow paths would be operational
at this cross-section. The predominant influence would be downstream because the
discharge would be greater in the downstream direction due to the proximity of the
stream/impoundment interface with its prograded deltaic deposits. Soil water would
move over shallow layer slopes and would be more likely to infiltrate vertically down
through the sediment column. This effect combined with the relative shallowness of the
sediment column would keep the soil moist at a high enough elevation to be available to
tree root systems. In addition to precipitation, water can enter the sediment column from
overbank flooding and runoff from the steep valley slopes. The entire surface of the
impoundment sediments floods with a return period of under seven years. (Slawson,
2004a)
The sediment core taken at this CDC revealed three significant sediment layers, as
shown in Table 4.3 and Figure 4.5. Layer I is 0.30 m deep and has few mottles. This layer
is oxidized, but the lack of mottles suggests that removal of moisture is quick and the
water table probably never reaches this elevation. The silt-clay content is high enough so
that runoff would be considerable where vegetation was not present. Layer I has been
subdivided into two sublayers. Layer Ia infiltrates water, but Layer Ib limits further
infiltration due to its very high silt-clay content and flow will be lateral across the layer
surface. Layer II is 0.31 m deep and has more mottling. The mottling is indicative of
redox reactions associated with fluctuations in the seasonally high water table (SHWT).
Hue and chroma indicate matrix oxidation and that the layer is usually unsaturated. The
high percent of silt-clay suggests that moisture is less available to plants. Layer III is 0.30
m deep, grayer, more reduced, and mottles are less significant and less distinct. This layer
is probably saturated more often and therefore more reduced with soluble metal ions
remaining in solution or being removed by gravitational drainage. The silt-clay percent is
high. There is organic material throughout the entire sediment column. The water table
was not directly observed. Rock was reached at the bottom of the core.
The surface of the impoundment sediment near this core is well-wooded with
tulip poplar (Liriodendron tulipifera) and red maple (Acer rubrum). A tulip poplar
approximately 88 years old grows very close by. This tree species has a deeply
penetrating juvenile taproot and wide-spreading lateral roots. (Burns and Honkala, 1990)
Red maple has roots that extend only to 0.25 m. (Burns and Honkala, 1990) The evidence
of a slight reduction (lower chroma color) in Layer III and the presence of mottles up to
the 0.46 m level indicate that soil moisture from groundwater storage is seasonally
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present. Both tulip poplar and red maple grow well on Inceptisols and red maple grows
well on Entisols. Both species do well on moist, well-drained soils and grow here. This
sediment column is well-drained in the upper layer as indicated by the lack of mottling
where rooting of the dominant woody species takes place. The depth to a layer with
increased silt-clay content is shallow (0.15 m), the depth to SHWT is shallow (0.3 m),
and the drier middle layer (Ib) is narrow (0.15 m). The sediment habitat appears suitable
for riparian tree species and they do indeed grow well there.
Two main deposition periods are likely. Most of the deposition would have
occurred in the downstream direction in very fine layers. Deposition would have ceased
sometime after the dam failure in 1889. Tree age evidence indicates that the dam was not
rebuilt to a high enough elevation to impound water to this cross-section. The exact date
would have been controlled by the time it took for the headcut to travel from the dam to
the upstream end of the impoundment. This would probably have been fairly rapid, less
than one year, but may have taken several years. The major period of deposition would
have occurred between first settlement and the establishment of grassy pastures that help
stabilize sediment.
Sediment Core Moisture Characterization: GPMC 1-06 (CDC-G)
sample core depth silt-clay mottles matric redox state, color
id. #
(m)
%
%
0.15
44
<2
oxidized, 10YR4/4
Ia
1
0.30
63
<2
oxidized, 10YR4/4
Ib
2
0.46
69
>20
oxidized, 10YR4/4
II
3
0.61
69
>20
oxidized, 10YR4/4
4
0.90
67
2-20
slightly reduced, 10YR4/3
III
5
Table 4.3: Sediment core characterization of features related to moisture at GPMC CDCG. Note change in Layer III chroma to a slightly more, reduced value.
layer

sediment depth
layer
(m)
Ia
0.15
Ib
0.3
II

GPMC
1-06

CDC-G

0.61
III
0.9

Figure 4.5: Diagram of moisture flow in sediment core GPMC CDC-G (1-06).
A sediment core, 0.6 m deep, was taken on the southern bank at CDC-A, as
shown in Table 4.4 and Figure 4.6. Three layers were identified. Layers I and II both
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have an oxidized matrix, with mottling and percent silt-clay increasing with depth. Layer
I has a high enough silt-clay content to produce surface runoff in the absence of
vegetation. Layer II supports a perched aquifer and flow will be lateral. Layer III is
slightly reduced and may experience seasonal saturation. The shallowness to bedrock and
the relatively low mottling throughout suggest that the sediment is fairly well-drained.
Organic material in the top two layers suggest that root penetration is good. Saprolite was
reached at the base of the core. The depth to the seasonal perched water table is shallow
(0.2 m), the depth to the SHWT is also shallow (0.3 m) , and the dry layer below the
perched aquifer is narrow (0.1 m). The area is well-wooded with Liriodendron tulipifera
and Acer rubrum. One tulip poplar nearby was cored revealing an age of 106 years,
which supports the premise that the dam was not rebuilt to its initial height. The
conjectural deposition dates are the same as those in the core taken on the opposite bank.
Sediment Core Moisture Characterization: GPMC 1-03 (CDC-A)
layer sample core depth silt-clay mottles matric redox state, color
id. #
(m)
%
%
0.2
40
<2
oxidized, 10YR4/4
I
1
0.3
70
2-20
oxidized, 10YR4/4
II
2
0.6
70
2-20
slightly reduced, 10YR4/3
III
3
Table 4.4: Sediment core characterization of features related to moisture at GPMC CDCA. Note change in Layer III chroma to a slightly more, reduced value.
sediment depth
layer
(m)
I
0.2
II
0.3
III
0.6

GPMC
1-03

CDC-A

Figure 4.6: Diagram of moisture flow in sediment core GPMC CDC-A (1-03).
Cross-Section GPMB
At cross-section GPMB, the depth to bedrock reaches a maximum of 4.44 m at
CDC-H. The bedrock slope under the northern impoundment sediments is over 16%
from the railroad embankment to GPMB CDC-H. The surface slope on the northern
impoundment sediments is 10% from the railroad embankment to GPMB CDC-H. In
both cases, these slopes are quite steep. The slopes of the lateral prograded layers are
between those of the surface and underlying bedrock, or approximately 13%, soil water
flow would be lateral towards the stream. An impoundment surface survey parallel to the
stream bank revealed a downstream slope of only 1.4% and the streambed slope is only
0.69%, suggesting that soil water flow parallel to the stream is less likely than
perpendicular flow. Another condition that affects layer dewatering is the steep
streambank caused by initial post-dam failure channel incision. The streambank slope
intersects the deposition layers and steepens the groundwater gradient. (Figure 4.9) Both
the bedrock and surface slopes from the railroad embankment to the streambed are over
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21%. The result is a more rapid dewatering of the sediment layers. The possibility of
rapid dewatering of sediment layers and the depth of the sediment column may cause soil
to be excessively well-drained, providing unsuitable habitat for tree species. This may be
exacerbated by the high silt-clay content at the surface that may be hard to penetrate by
seedling roots and may result in seasonal surface ponding that drowns saplings or frostheaving that damages them. Additionally, the northern impoundment sediments have a
southern aspect, so vegetation demand for water will be higher due to increased
evapotranspiration and soil moisture will be less. Many of the tree species (Liriodendron
tulipifera, Platanus occidentalis, Juglans nigra) that would normally grow on alluvial
deposits prefer north and east aspects. (Fowells, 1965, p. 204)
The sediment core taken at GPMB CDC-H revealed three significant sediment
layers, as shown in Table 4.5 and Figure 4.7. Layer I is 1.3 m deep and has been
subdivided into three sublayers. Layer Ia has a higher silt-clay percentage with some
organic content and higher mottling than the sublayer immediately below it, suggesting
the possibility of runoff in the absence of vegetation. Layer Ib, 0.4 m deep, has little
mottling and relatively low silt-clay content indicating that infiltration occurs. Layer Ic,
0.6 m deep, has more mottling and a higher percent of silt-clay. Layer II is 0.7 m deep
and has a much higher silt-clay content with significant mottling in the upper half. The
silt-clay content may be high enough to create a partially confining layer that may create
a seasonally perched aquifer. This, in conjunction with some capillary rise, would
account for the higher percent of mottles in the sample immediately above it. Layer III is
1.6 m deep, much more gleyic, and reduced. There are no mottles in the lower two-thirds
of this layer. Yellower soils, like Layer III, are usually younger than redder ones. (Rapp
and Hill, 1998, p. 7) The fact that redder layers overlay yellower layers supports the
identification of the upper layers as depositional from stream impoundment. Material
eroded from older soils in upstream locations settled onto newer material on the pre-dam
floodplain. (Costa, 1975, 1282) Layer IIIb may be an original pre-dam surface. This is
supported by the presence of a leaf litter layer at about the same elevation in the nearby
streambank profile. (Figure 4.9) The leaf litter was probably the surface of a floodplain
that was subsequently buried when the stream was impounded. There is organic material
at several levels in Layers I and II. Organic material is present in the surface sample and
the samples immediately above the seasonal or perched water tables and may be a result
of different deposition events in impoundment. During April, 2003, when the core was
taken, water collected at the top of Layer III, indicating the seasonal water table. The core
revealed saprolite at the bottom of Layer III.
The surface of the impoundment sediment near this core is covered largely with
herbaceous vegetation or the invasive woody species multiflora rose (Rosa multiflora).
The depth to the water table is 2.0 m, the depth to the seasonal perched aquifer is 1.3 m,
and there is a wide drier layer (0.7 m) below the perched aquifer. Moisture may not be
readily available to tree species because the water table is very deep, and capillarity may
not draw moisture to a high enough elevation to reach tree roots. The hydrologic function
of the impoundment sediments does not provide a suitable habitat for riparian tree
species. Tree species do grow nearby at lower elevations on the streambank where the
regolith is slumped and the water table is intersected by the surface topography.
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Sediment Core Moisture Characterization: GPMB 6-04 (CDC-H)
sample core depth silt-clay mottles matric redox state, color
id. #
(m)
%
%
0.3
52
2-20
oxidized, 10YR4/4
Ia
1
0.7
24
<2
oxidized, 10YR4/4
2
1.0
42
2-20
oxidized, 10YR4/4
Ib
3
1.3
47
>20
oxidized, 10YR4/4
Ic
4
1.6
72
>20
oxidized, 10YR4/4
II
5
2.0
65
2-20
oxidized, 10YR4/4
6
2.3
56
>20
reduced, 2.5Y4/2
IIIa
7
2.4
27
<2
reduced, 2.5Y4/2
IIIb
8a
2.6
23
<2
reduced, 2.5Y4/2
8b
Table 4.5: Sediment core characterization of features related to moisture at GPMB CDCH. Note changes in Layer III hue and chroma to more reduced values.
layer

sediment depth
layer
(m)
Ia

GPMB
6-04

CDC-H

0.7
Ib
1.0
Ic
1.3

P

II

2.0
IIIa
2.3
IIIb

2.6

Figure 4.7: Diagram of moisture flow in sediment core GPMB 6-04.
Another core was taken in the northern impoundment sediments at a location with
only herbaceous vegetation. Core depth reached to 1.74 m and no sign of a permanent
water table was found. Silt-clay percent is high in Layer I, mottling is low to moderate,
and the matrix is highly oxidized. There is some organic material in the upper half. The
organics and high silt-clay content hold more water, which, when combined with aeration
provided by closeness to the surface accounts for the increased oxidation. Layer IIa, 0.45
m deep, is fairly consistent throughout in all characteristics, as is Layer IIb, though with a
higher number of mottles than in Layer IIa. Infiltration from the surface is likely down to
the depth of Layer IIb. Layer III is more highly oxidized than the layer above and lies
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over a rock surface. This layer may be a remnant pre-dam surface. There is no perched
aquifer in this column, though there is some lateral flow at an increased silt-clay layer at
a depth of 0.69 m. The SHWT is at a depth of 0.91 m. The deep infiltration and SHWT
combined with a southern aspect may make this site too dry for tree species in the
summer and early fall.
Sycamore (Platanus occidentalis), tulip poplar (Liriodendron tulipifera), and black
walnut (Juglans nigra) are the few species that are growing in isolated locations on the
impoundment sediment. As all three species have seed sources nearby and have physical
habitat preferences for average to moist soils, depths to seasonal high water table from
0.46 m to greater than 10 m, and silty-clay soils (Palone and Todd, 1998, p. 7-2), these
species should be ubiquitous on the impoundment sediments and they are not. One
possible explanation is the process in which the impoundment sediments were laid down
in sloped layers and the resulting lateral drainage.
Sediment Core Moisture Characterization: GPM S-3
layer sample core depth silt-clay mottles matric redox state, color
id. #
(m)
%
%
0.23
55
<2
oxidized, 10YR4/4
Ia
1
0.46
50
2-20
highly oxidized, 7.5YR4/6
Ib
2
0.69
33
<2
oxidized, 10YR4/4
IIa
3
0.91
42
2-20
oxidized, 10YR4/4
IIb
4
1.14
40
>20
oxidized, 10YR4/4
IIc
5
1.37
33
>20
oxidized, 10YR4/4
6
1.74
40
>20
highly oxidized, 7.5YR4/6
III
7
Table 4.6: Sediment core characterization of features related to moisture northern
impoundment sediments. Note changes in Layers Ib and III hue and chroma to more
oxidized values.
sediment
layer
Ia

depth
(m)

GPM
S-3

0.23
Ib
0.46
IIa
0.69
IIb
0.91
IIc

1.37
III
1.74

Figure 4.8: Diagram of moisture flow in sediment core GPM S-3 on the northern
impoundment sediments.
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lateral
seepage

leaf
litter
layer

core
limit
saprolite

Figure 4.9: Streambank at GPMB. Note water seeping out the eroded profile. Color
changes are from chemical weathering on exposed surface only.
Another sediment core from GPMB was taken at CDC-A on the southern side of
the former impoundment. This core is divided into three major layers and all are further
subdivided. The surface area around this core is covered in herbaceous vegetation but not
woody vegetation in spite of a rich seed source nearby. The surface slope is 24% and the
bedrock slope is 26%. The slope determined from a transect surveyed parallel to the
stream on the southern impoundment sediment surface revealed a slope of 0.7% over 76
m. As a result of the slope differential, soil moisture flow in the vadose zone is probably
controlled by the slope of sediment layers perpendicular to the channel. The southern side
of the stream does not have a steep, unvegetated bank that intercepts the water table, as
does the northern bank. There is, however, significant seepage and saturated, seasonal
soil conditions on the slope just upslope of CDC-C down to CDC-E.
Layer Ia, 0.23 m deep, has an oxidized matrix but relatively few mottles,
suggesting that the parent material is eroded, oxidized Manor and Brandywine soil and
that the sediment deposits are well-drained. The silt-clay content is quite high, so runoff
will occur in the absence of vegetation. Layer Ib has a very high silt-clay content and
flow will be lateral. Layer IIa, 0.23 m deep, is oxidized with moderate mottling, and has a
fairly high silt-clay content, but significantly lower than the layer immediately above it.

161

Moisture may not be infiltrating well through the superior layer, which would account for
the relatively low mottling. Layer IIb, 0.22 m deep, has more silt-clay. Layer IIIa, 0.35 m
deep, is highly oxidized with significant mottling as a result of a high SHWT. Layer IIIb,
0.24 m deep, has a slightly reduced matrix, but is not at the elevation of the permanent
water table because the layer inferior to it, Layer IIIc, is oxidized, indicating that it is
above the permanent water table and is not always saturated. The SHWT may well up
into IIIa. However, the high silt-clay content in IIIb may keep moisture from percolating
back downward. Overall, this site is not suitable for riparian tree species. The depth to a
high silt-clay content layer is 0.23 m, which may slow water infiltration, but once this
moisture has been exhausted, the width of the drier layer (0.46 m) and the depth to the
SHWT (0.91 m) may be too great to supply water to root zones in the drier seasons.
Sediment Core Moisture Characterization: GPMB 6-02 (CDC-A)
sample core depth silt-clay mottles matric redox state, color
id. #
(m)
%
%
0.23
57
<2
oxidized, 10YR4/4
Ia
1
0.46
72
2-20
oxidized, 10YR4/4
Ib
2
0.69
43
2-20
oxidized, 10YR4/4
IIa
3
0.91
54
2-20
oxidized, 10YR4/4
IIb
4
1.26
21
>20
highly oxidized, 7.5YR4/6
IIIa
5
1.60
52
>20
slightly reduced, 10YR4/3
IIIb
6
1.65
43
>20
oxidized, 10YR5/4
IIIc
7
Table 4.7: Sediment core characterization of features related to moisture at GPMB CDCA. Note changes in the Layer IIIa hue and chroma to more oxidized values and in the
Layer IIIb chroma to a more reduced value.
layer

sediment
layer
Ia

depth
(m)

GPMB
6-02

CDC-A

0.23
Ib
0.46
IIa
0.69
IIb
0.91
IIIa
1.26
IIIb
1.6
IIIc
1.65

Figure 4.10: Diagram of moisture flow in sediment core GPMB 6-02.
Cross-Section GPMA
There are no trees growing near this core, but herbaceous vegetation is lush. The
surface slope at 12.5% is not as steep as at the other cross-sections. The bedrock slope is
162

also shallower at 11%. Still, the impoundment sediment surface slope parallel to the
channel is 0.7%, so soil moisture flow is apt to be perpendicular to the stream channel
across the high percent silt-clay layers. The lower percent silt-clay throughout the
sediment core and the shallower slopes of layer deposition may permit better
gravitational drainage.
At cross-section GPMA, the depth to bedrock reaches a maximum of 2.47 m at
CDC-C. The sediment core taken at CDC-E revealed three significant sediment layers, as
shown in Table 4.8 and Figure 4.11. Layer Ia, 0.12 m deep, is oxidized and has a
relatively low percent of silt-clay so infiltration should be fairly rapid. Layer Ib, 0.13 m
deep, is highly oxidized and has more silt-clay, which may slow infiltration somewhat
and increase the chroma of the matrix. Layer II, 0.73 m deep, is divided into two
sublayers. Both sublayers have the same level of matrix oxidation, but can be separated
by the downward increase in percent silt-clay, suggesting that they were deposited during
different time periods. Layer IIb may stop the infiltration of whatever moisture has
infiltrated through Layer IIa. Layer IIIa, 0.25 m deep, also has significant matric mottling
from seasonal saturation. Layer IIIb has a much lower silt-clay content and reduced
chroma, suggesting frequent seasonal saturation. This layer may be a pre-Colonial
surface. The percent silt-clay throughout the core is less than was found in any other core,
though still fairly high with higher concentrations layered between lower ones, indicating
different deposition events. This site may not provide suitable habitat for riparian tree
species because the depth of infiltration (0.74 m), the width of the drier layer (0.24 m),
and the depth to the SHWT (0.98 m) may be too great to supply water to the tree root
zone during the drier seasons.
Sediment Core Moisture Characterization: GPMA S-5 (CDC-E)
sample core depth silt-clay mottles matric redox state, color
id. #
(m)
%
%
0.12
29
<2
oxidized, 10YR 4/4
Ia
1a
0.25
38
<2
highly oxidized, 7.5YR 4/6
Ib
1b
0.49
28
2-20
oxidized, 10YR 4/4
IIa
2
0.74
30
2-20
oxidized, 10YR 4/4
3
0.86
40
<2
oxidized, 10YR 4/4
IIb
4a
0.98
33
<2
oxidized, 10YR 4/4
4b
1.23
48
>20
oxidized, 10YR 4/4
IIIa
5
1.47
17
>20
slightly reduced, 10YR 4/3
IIIb
6
1.72
25
>20
slightly reduced, 10YR 4/3
7
Table 4.8: Sediment core characterization of features related to moisture at GPMA S5 in
the southern impoundment sediments near GPMA CDC-E. Note changes in Layer Ib hue
and chroma to more oxidized values and in Layer IIIb chroma to a slightly more reduced
value.
layer
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sediment depth
layer
(m)
Ia
0.12
Ib
0.25
IIa

GPMA
S-5

0.74
IIb

0.98
IIIa
1.23
IIIb

1.72

Figure 4.11: Diagram of moisture flow in sediment core GPMA S-5.
A sediment sample from the Prettyboy Reservoir was also analyzed for silt-clay
content. The silt-clay content was significantly lower than that of the samples taken in the
former impoundment sediments. (Table 4.9) It would seem that the deposits in the
Prettyboy Reservoir come from a different source than the sediments in the Gunpowder
Paper Mill Dam impoundment. The coarser sizes suggest that these deposits come from
coarser sediments previously stored on floodplains and gravel bars that have been
remobilized due to the lowering of the base level to that of the Prettyboy Reservoir and
the greater decrease of sediment relative to the decrease in runoff with the advent of
greater forest cover and improved agricultural practices.
Sample Location
Sample ID
% silt-clay content
1-06
61.1
GPMC CDC-G
1-03
64.7
GPMC CDC-A
6-04
47.8
GPMB CDC-H
6-02
47.8
GPMB CDC-A
S-3
41.7
GPM impoundment surface
S-5
31.3
GPMA CDC-E
BP-A
24.2
Prettyboy Reservoir
Table 4.9: Comparison of silt-clay content for six sediment samples taken in the former
Gunpowder Paper Mill impoundment and one sample from the Prettyboy Reservoir.
4.2. Tree Population
While hydrologic function of the impoundment sediments is the main focus of
this study, the riparian tree community was surveyed to provide additional evidence of
possible hydrologic function impairment. The watershed area surrounding the
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Gunpowder Paper Mill Dam site has several different tree species communities on it.
Slope and aspect are the main variables that divide the communities. The steep upland
slopes bordering the lower half of the former impoundment on the north facing slopes are
forested with Virginia pine (Pinus virginiana) and eastern white pine (Pinus strobus)
interspersed with Eastern hemlock (Tsuga canadensis) and red oak (Quercus rubra).
Along the north facing slopes in the upper half white, black, and red oak (Quercus alba,
Quercus velutina, and Quercus rubra) are co-dominant. On the south facing slopes, white,
black, and red oak (Quercus alba, Quercus velutina, and Quercus rubra) are dominant
throughout. (Maryland Dept. of Natural Resources, 2003, Map 12)
The riparian zone upstream and downstream of the impoundment is a hemlock
gorge with numerous bedrock outcrops of Wissahickon schist. The richness of tree
species and abundance of each species population on the sediment surface of the former
impoundment are quite sparse in the section that stretches approximately 465 m upstream
from the dam. The upper section of the former impoundment area is well-wooded with
tulip poplar (Liriodendron tulipifera) and red maple (Acer rubra). The impoundment
surface is covered primarily in native herbaceous and invasive herbaceous species.
Woody species, other than some vines such as multifora rose (Rosa multiflora) and the
shrub spice bush (Lindera benzoin), are quite rare. Most common floodplain tree species
are represented, including sycamore (Platanus occidentalis), tulip poplar (Liriodendron
tulipfera), black walnut (Juglans nigra), black cherry (Prunus pennsylvanica), black
willow (Salix nigra), box elder (Acer negundo), river birch (Betula nigra), and red maple
(Acer rubrum), but the density is extremely low. The canopy is open, saplings are almost
non-existent, and the oldest trees are all from a small range of age classes of 35 to 47
years old.
A survey on the side of the impoundment sediments, which has the north aspect
preferred by most of the riparian species, revealed 62 large trees and 6 saplings in the
8313 m2 area. The density averages one tree per 134 m2. Thirty-three of these trees were
located on the sloping bank nearest the stream (24) or on the small modern floodplain at
GPMB (9). (Table 4.10) The larger flat area at the base of the valley slope has less than
half the trees present. (Figure 4.11) All the saplings were located on the slope nearest the
stream. Drainage may account for this distribution. The sloping bank intersects sediment
deposition layers. Because these layers have high silt-clay content, moisture may be more
available where channel incision has cut across the layers. The trees that are growing on
the level area may be taking advantage of some very local habitat feature, such as a small
clay lens near the surface that traps water. The lack of saplings on the level area suggest
that all the places that could provide appropriate habitat are filled.
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Tree Species

Mature Individuals &
Saplings & Location
Location
Juglans nigra
16 - level area
4 - sloping bank
2 - sloping bank
Liriodendron tulipfera
5 - sloping bank
Platanus occidentalis
1 - level area
9 - sloping bank
7 - floodplain
Prunus serotina
10 - level area
1 - sloping bank
3 - sloping bank
Salix nigra
1 - level area
2 - sloping bank
Acer saccharinum
1 - level area
1 - sloping bank
2 - sloping bank
Acer negundo
2 - floodplain
Betula nigra
1 - sloping bank
Table 4.10: Numbers of tree species individuals by location on the former impoundment.
upland
slope
level
area

sloping
bank
floodplain

Figure 4.12: Over half the mature trees and all the saplings are located on the sloping
bank or the floodplain. Note how sediment deposition layers are intersected by the
channel incision.
The entire impoundment surface, with the exception of very steep streambanks, is
thickly vegetated with herbaceous species, including mile-a-minute weed (Polygonum
perfoliatum), spotted touch-me-not jewelweed (Imaptiens capensis), goldenrod (Solidago
spp. , smartweed (Polygonum spp. , stinging nettles (Urtica dioica), day-lily
(Hemerocallis fulva), green-headed coneflower (Rubeckia laciniata), and Christmas fern
(Polystichum acrostichoides). Shrubs are limited to spice bush (Lindera benzoin) and
woody vines to Rosa multiflora, Japanese honeysuckle (Lonicera japonica), and
riverbank grape (Vitus riparia). The sediment hydrology may provide preferentially better
habitat for native and invasive herbaceous species than for native upland or riparian tree
species.
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Cross-Section GPMC
The ages of the sampled trees for cross-section GPMC are shown in Table 4.11
and their locations in Figure 4.13 .

Figure 4.13: Map of cored trees near reference cross-section GPMC. Key to tree labels is
in Table 4.11.
TREES CORED AT CROSS-SECTION GPMC
Species
ID #
# Annual
Nearest Channel
Rings
Landform Elevation
red maple (Acer rubrum)
RM-3L
33
F
species unknown
?-2L
64
H
red maple (Acer rubrum)
RM-2R
114(c)*
A
tulip poplar (Liriodendron
TP-1L
88(c)*
G
tulipifera)
tulip poplar (Liriodendron
TP-1R
106
A
tulipifera)
* (c) indicates that the tree core was incomplete and the number of annual rings was
calculated using ring density data from another individual of the same species.
Table 4.11: Trees cored in the immediate vicinity of channel cross-section GPMC.
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One red maple (Acer rubrum) is located on the inland edge of the modern
floodplain and is 33 years old. This floodplain has not had any appreciable sediment
deposition in the years from 2001 to 2004. Two trees, a tulip poplar (Liriodendron
tulipifera) and one of unknown species, aged 88 and 64 years respectively, are located on
the northern high terrace below the railroad embankment and were not damaged during
Hurricane Agnes, which would probably have been a low energy event due to the terrace
terrain flatness and surface roughness from the mature forest trees, understory, and forest
litter. Two trees located on the high southern terrace, a red maple (Acer rubrum) and a
tulip poplar (Liriodendron tulipifera), aged 115 and 106 years respectively, were also not
damaged during Hurricane Agnes. Baltimore City Department of Public Works' forest
management records show a cored age (species unknown) of 116 years on the right valley
slope and a cored age (species unknown) of 75 years on the left valley slope. (City of
Baltimore, Office of Public Works, 2000, ArcView shapefile "forest type") The upland
slopes on the north and south sides of the valley are very well wooded with red oak
(Quercus rubra), hemlock (Tsuga canadensis), white pine (Pinus strobus), and Virginia
pine (Pinus virginiana).
Cross-Section GPMB
The ages of the sampled trees at cross-section GPMB are shown in Table 4.12 and
the locations in Figure 4.14.

Figure 4.14: Location of cored trees in the vicinity of cross-section GPMB.
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TREES CORED AT CROSS-SECTION GPMB
Species
ID #
# Annual
Nearest Channel
Rings
Landform
Elevation
sycamore (Platanus occidentalis)
SY-2L
47
H
sycamore (Platanus occidentalis)
SY-3R
22
D
tulip poplar (Liriodendron tulipifera)
TP-4L
24
tributary valley
sycamore (Platanus occidentalis)
SY-3L
45
tributary valley
red oak (Quercus rubra)
RO-7R
163
upland slope
hemlock (Tsuga canadensis)
HEM-7L
62 (c)*
upland slope
red oak (Quercus rubra)
RO-6L
80 (c)*
upland slope
red oak (Quercus rubra)
RO-5L
72
upland slope
* (c) indicates that the tree core was incomplete and the number of annual rings was
calculated using ring density data from another individual of the same species.
Table 4.12 : Trees cored in the immediate vicinity of reference channel cross-section
GPMB.
One sycamore (Platanus occidentalis) aged 22 years is located on a small
floodplain on river right. The floodplain was last flooded in January, 2004 and significant
sediment was deposited, but the tree was not damaged. Therefore, it must have been a
low energy event. Another sycamore located on the high left terrace is 47 years old. The
163-year old red oak (Quercus rubra) on the southern upland slope of the valley dates
from well before the breaching of the dam in 1932. It is located on an extremely steep
slope that may have escaped logging when the paper mill was in operation.
Cross-Section GPMA
The ages of the cored trees at cross-section GPMA are shown in Table 4.13 and
their locations in Figure 4.15.
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Figure 4.15: Location of sampled trees in the vicinity of cross-section GPMA and on the
breast of the dam ruins.
TREES CORED AT CROSS-SECTION GPMA & ON DAM
Species
ID #
# Annual
Nearest Channel
Rings
Landform Elevation
black walnut (Juglans nigra)
BW-1R.
41
B
black walnut (Juglans nigra)
BW-1L
35(c)
G
hemlock (Tsuga canadensis)
HEM-4R
86
upland slope
sycamore (Platanus occidentalis)
SY-6R
44
D
sycamore (Platanus occidentalis)
SY-8R
49
E
tulip poplar (Liriodendron
TP-5R
62
on dam breast
tulipifera)
* (c) indicates that the tree core was incomplete and the number of annual rings was
calculated using ring density data from another individual of the same species.
Table 4.13: Trees cored in the immediate vicinity of reference channel cross-section
GPMA and on the breast of the dam ruins.
One black walnut (Juglans nigra) that is growing on the left terrace and another on
the right terrace have similar ages, 35 and 41 years old, respectively. The terraces were
probably not flooded with a high energy flow since 1962, which would include Hurricane
Agnes. Sycamore (SY-8R) is 49 years old and located on the very edge of a high eroded
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southern bank just upstream of GPMA. Sycamore (SY-6R) is 44 years old and is located
near the top of the steep northern bank. The hemlock (Tsuga canadensis) on the steep
upland valley slope is 86 years old and pre-dates the breaching of the dam in 1932. The
upland slopes on the north and south sides of the valley between GPMA and GPMB are
very well wooded with red oak (Quercus rubra), hemlock (Tsuga canadensis), white pine
(Pinus strobus), and Virginia pine (Pinus virginiana). One hemlock was cored, revealing
an age of 86 years. An additional core (species unknown) taken by the Baltimore City
Department of Public Works gave a tree age of 75 years on the valley slope. (City of
Baltimore, Office of Public Works, 2000, ArcView shapefile "forest type") The tulip
poplar (Liriodendron tulipifera) on the dam breast is 62 years old and began to grow on
the impoundment sediments eleven years after the dam failed.
4.3. Sediment Hydrology Recovery for Riparian Tree Habitat from Impoundment
Impacts
Remnant sediments in the former Gunpowder Paper Mill Dam impoundment are
still in place and their surface does not support the dense forest that might be expected 71
years after the dam failed and the impoundment was drained. This is in sharp contrast
with the recovery of the upland forest after discontinuation of agriculture. The initial
channel incision into the sediments remains and holds flows with high return periods that
do not overflow onto the remnant impoundment surface. (Slawson, 2004a) The depth of
the incision is quite deep and the sediment column can be greater than 2.5 m in depth.
The incision cuts across multiple sloped layers with high silt-clay content, promoting
lateral drainage of the sediments. The permanent or seasonally high water table is often
located below or in the bottom quarter of the sediment column. Land cover has tended
towards greater forest cover throughout the watershed and agricultural land use has
focused on soil conservation best management practices. The result has been the
reduction of both runoff and sediment yield. Paradoxically, this reduction has inhibited
the recovery of channel morphology and hydrologic function in the remnant
impoundment sediments. Significant landforms have not become permanently established
in the bottom of the incision throughout the impoundment, especially in the downstream
part. Steep streambanks are made of sediments with high silt-clay content and are
resistant to erosion, but vegetation is often lacking on the lower half of the bank. As a
result, the streambanks are well-drained and the water table remains at a low elevation,
below the root zone of most riparian tree species. At the same time, the fine, compacted
sediments are not suitable for the upland conifers that prefer rocky soils with high
permeability and moderate fertility. Native and invasive herbaceous and vine species
abound on the sediment surface and may crowd out tree seedlings and encourage the
presence of herbivores that eat seedlings.
The results of this study indicate that habitat will not recover at the biologic time
scale of riparian tree species unless a significant portion of the remnant sediments are
removed. To do so would involve a significant engineering effort, whose results would be
very difficult to predict, whose implementation would be expensive, and which might
produce a waste to be disposed of. The control of invasive plant species and the planting
of native species that can tolerate and possibly adjust the landform hydrology would be
interventions that could provide considerable benefit by preventing expansion of the
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spatial discontinuity and shortening the temporal discontinuity. Planting of habitat
tolerant trees might improve sediment hydrologic function (Kittredge, 1948, p. 207)
through the addition of organic material in the form of leaf litter on the surface and root
density in the subsurface, both of which may improve moisture retention in the upper part
of the sediment column. Root penetration would also improve sediment aeration and
compaction and increased canopy would shade out many invasive species.
The study relied on data collected using techniques commonly employed by
stream assessment and restoration decision-makers. The predictions for change in runoff
and sediment yield with changes in land cover were made using simulation modeling
algorithms commonly used by the same technicians. These algorithms have limitations
and should not be used for restoration engineering design purposes. They are useful for
detecting coarse scale trends if analysis is undertaken with a thorough understanding of
the underlying assumptions. The use of historical documentation and imagery helped to
substantiate the conclusions about watershed-wide land cover changes and the associated
impacts on the study site.
The analysis of sediment core data is both quantitative and qualitative.
Assumptions about deposition layering were made based on fluvial geomorphologic
studies done elsewhere. Assumptions about the meaning of sediment column features
were based on soil science information from the literature. These assumptions could be
clarified with more sophisticated measurement techniques and analysis. This was not
done, largely because one of the goals of this study was to implement the low cost,
simple technology, and relatively rapid data collection practices frequently used by
stream restoration decision-makers. Further study might focus on mapping the silt-clay
deposition layers in the remnant impoundment sediments and measuring lateral drainage
and vertical infiltration. Sediment chemistry study might address issues of nutrient
availability. Exclusion treatments would clarify the role of herbivores and invasive plant
species on tree seedling mortality.
5. Conclusion
A survey of the density of trees on the surface of the former Gunpowder Paper
Mill impoundment sediments reveals that density is very light, though the tree species
expected on alluvial sediments are represented. Native and invasive herbaceous
vegetation and vine are lush. The hydrologic function of sediments at three valley crosssections were studied. The one (GPMC) near the upstream end of the former
impoundment provides excellent habitat for tree species. The sediments near crosssections GPMB and GPMA, in the main body of the former impoundment, provide very
poor tree species habitat. The difference in habitat suitability appears to be related, in
part, to differences in hydrologic function in the sediment column, particularly with
respect to depth of the sediment column, depth to permanent or seasonally high water
table, depth to a perched water aquifer, the number of layers with high silt-clay content,
and percent of silt-clay content. Aspect may play a secondary role because increased
temperature exacerbates hydrologic deficiencies in the sediment column. All of these
characteristics would result in seasonal soil moisture deficiencies at depth, such as high
soil moisture tension, decreased capillary rise, inaccessibility to the water table, and rapid
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lateral dewatering of the sediment column. Seasonal moisture excesses may occur on the
surface, such as ponding and frost-heave. Secondary habitat deficiencies may also exist,
such as lower cation exchange capacity, reduced aeration, and packing of sediments.
However, the silicate composition of the clays in the former impoundment sediments
may limit the cation exchange capacity that would release nutrients to soil water for plant
uptake. Other studies, piezometric and drainage rate tests, could be conducted on the
impoundment sediments to map the full extent of the hydrologic deficiencies.
This study indicates that simple dam removal will not necessarily result in a
landscape restored to a pre-dam situation. The remnant impoundment sediments have
hydrologic functions that are a result of processes of formation and processes of
destruction, which are quite different from the landform processes that existed prior to
impoundment. In addition, the modern sediment and water input rates to the former
impoundment are different than the inputs that resulted in the pre-dam landscape because
landuse and land cover have changed throughout the watershed. The nature of the
sediment input is also different because a significant percent of the topsoil present prior
to impounding has been removed from the system and the eroded material that remains in
storage in the watershed has been stabilized by increased vegetation. In addition to
sediment hydrology, the level of nutrient storage and availability in the sediments may
dictate which plant species are most successful and exotic, invasive weedy species may
limit the establishment of native species and reduce diversity. (Shafroth et al., 2002, p. )
The value of the impoundment sediments as habitat should not be judged entirely
on its level of restoration to the pre-dam condition, but rather on its internal habitat
function and its place in the larger ecosystem. The former impoundment sediments do
provide a meadow and brush habitat for many bird, insect, mammal, and plant species,
though the number of exotic and invasive plant species is significant. Its internal habitat
is probably not any less functional than was the lake habitat that preceded it. However,
the current landscape is, as was the lake landscape, a discontinuity in an energy system.
The energetic continuity of water, gases, heat, nutrients, and genetic materials are
disrupted.
The value of human intervention to rectify this discontinuity must be considered
at temporal and spatial scales. Over geologic time this discontinuity may be removed.
Over biologic time, some components of the ecosystem may be negatively impacted. The
spatial extent of the discontinuity does not appear to be large and some energy flows may
operate successfully across it. For example, the seeds of a particular plant species may be
distributed by a process that is not inhibited by the extent of the landscape fragmentation.
On the other hand, the spatial discontinuity and its effect on tree habitat may be reducing
the allochthonous material deposits to the stream and increasing water temperature, both
of which affect in-stream habitat. The decision to intervene must be made based on the
additional impact such intervention may have on energy flow at both the temporal and
spatial scales relative to the benefits.
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PHYSICAL HABITAT RECOVERY AND RESTORATION IN A FORMER DAM
IMPOUNDMENT
1. Inspiration Fulfilled and Future Research Questions
Research into place is open-ended. One can address research questions, describe
processes, inventory biotic and abiotic components, and measure inputs and outputs. But
one answer only leads to more questions as each answer telescopes one's understanding
to other spatial and temporal scales. I was able to identify a possible cascade of
relationships between landscape process, human landuse history, habitat structure, and
biotic community recovery. The exact nature (strength, magnitude, and scale) of these
relationships will take years of future interdisciplinary study to clarify.
All three of the papers presented here point out areas for future research. The
paper on channel cross-section morphology, channel-forming flow, and determination of
channel dimensional recovery poses numerous additional questions.
•
•
•
•
•
•

What adjustments would the channel make if the remaining dam footer were
removed?
What adjustments would the channel make if the remaining dam wing wall were
removed and lateral floodplain continuity restored?
What is the rate of chemical weathering in the exposed streambanks?
How might future land cover changes and associated changes in flow and sediment
discharge impact the channel in the former impoundment sediments?
What is the possible habitat value of implementing a natural stream design
engineering project in the channel?
What adjustments would the stream make up and downstream to such a project?

The paper on bedload transport capacity, streambed substrate size and sorting, and
macroinvertebrate habitat leads to several additional avenues for research.
•
•
•
•
•
•
•
•
•
•

How do substrate packing, armouring, and imbrication affect the bedload transport
rate?
What is the exact make-up of the benthic community?
How does actual bedload as determined by bedload sampling compare with transport
predictions?
What is the actual load of allochthonous material delivered annually to the stream?
What is the delivery rate of sediment from upstream?
What is the actual lateral streambank erosion rate?
What is the suspended sediment load?
What other water quality characteristics may be affecting the benthic community?
What would be the effect of introducing hatchery fish?
What would be the effects of planting a woody riparian buffer?

The paper on landuse history, sediment hydrology, and riparian tree habitat directs one to
the following further research topics.
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•
•
•
•
•
•
•

To what extent does herbivory impact tree growth on the former impoundment
sediments?
What is the nutrient content of the former impoundment sediments and how available
are these nutrients to plants?
What is the exact percent clay content and chemistry of the sediments?
What is the actual seasonal fluctuation in soil moisture and water table elevation?
Can the deposition of sediment layers be identified with historical landuse activities
and meteorological events?
What is the exact make-up of the herbaceous vegetation community and what is the
distribution of and interaction between native and non-native species?
What kinds of restoration interventions might be appropriate for ensuring riparian tree
community recovery?

Research into these questions and many others would provide useful information about
the long-term recovery of former impoundments after dam removal and would inform
decision-making on and expectations of dam removal as a method for restoring stream
physical and biological process and habitat.
2. Role of Historical Physical Ecology Analysis
The historical analysis of fluvial hydrosystems is a relatively new field of research
and meets three basic research needs. Firstly, historical analysis provides insight into
previous base or transient states of the fluvial hydrosystem to which the modern fluvial
condition can be compared. Secondly, the magnitude and rate of changes and their single
and several ecological impacts can be measured. Thirdly, the effects of future change
may be better predicted and the development of ecologically appropriate management
methods more effective. (Petts, 1989, p.11) In most river settings, biotic response to
human activities affecting rivers is much quicker than abiotic response. Most study has
been on changes in fluvial hydrosystems in the last four decades. However, ecologic
adjustments are a result of both the biotic and abiotic responses to change. (Petts, 1989,
p.12) Historical analysis fills, therefore, an important gap in knowledge about long-term
ecologic response to change in fluvial environments.
In addition to looking at the former Gunpowder Paper Mill Dam impoundment as
a place that has been altered by human activity, has been damaged by that activity or is
on some transformational trajectory of either recovery or additional disturbance, it is
important to look at this place as it is today and to value it as it is today. In human history
terms, it is a landscape museum, a memorial to the settlement history of the region, and a
marker in the early history of the American paper industry and water power. In terms of
cultural ecology, this place showcases the durability of human built structures and their
ability to influence landscape process over centuries. The dam ruin grows trees and
dissect the floodplain, the railroad bed supports upland wetlands and the stone
embankment provides snake habitat, the dam footer is a streambed grade control, and the
sediments provide habitat for invasive plant species that humans have introduced.

179

When considering the in-stream and riparian ecology, it is necessary to think in a
non-human time frame. The former impoundment is a place of landscape fragments
sharply divided by hydrologic process. These fragments are slowly blending and ecotones
are developing. Small floodplains have developed in the incised channel, thereby
providing a linkage between the active channel and the sediment terraces. Hillslope
runoff is dissecting the sediment surface and softening the upper contours of the
streambanks, providing habitat for riparian tree species that supply organic material to the
benthic community. The nascent riparian tree community may eventually spread to meet
the upland forest on the steep valley slopes or, alternately, invasive brush species may
penetrate the forest edge and produce another type of ecotone.
3. Applicability of Channel Evolution Models
The progression to equilibrium of the study cross-sections did not follow the later
stages predicted by classical channel evolution models for incised streams. (Figure 5.1)
Stage VI was not reached. Stage V appears to be the equilibrium stage for cross-sections
GPMB and GPMA. Stage VI will probably not occur at theses two cross-sections because
lowered water tables have strengthened the steep banks, making them resistant to erosion.
Cross-section GPMC may still be adjusting to impacts from the former impoundment. It
has reached Stage IV, but this is probably not the end stage at this cross-section. The end
stage for cross-section GPMC will probably be Stage V, rather than Stage VI, because
impoundment sediments are apt to remain on the northern bank.
RR

IV: GPMC Degradation and Widening
RR

V: GPMB Equilibirum

V: GPMA Equilibrium

Figure 5.1: Stages in 2003 for cross-sections GPMB and GPMA over 70 years after dam
failure (1932) and for cross-section GPMC over 114 years after dam failure (1889).
Several conditions have contributed to the truncation or delay of the channel
evolution model progression. All of these conditions are caused by human activity in the
landscape. At the local level, the presence of an intact railroad embankment with a
largely functioning drainage system is controlling the hillslope runoff on the northern
side of the former impoundment at cross-sections GPMC and GPMB. As a result,
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sediment has not been quickly eroded from the impoundment surface, and small pocket
wetlands have formed on the up-hill side of the RR embankment. A remnant footer
downstream from cross-section GPMA is acting as a bed grade control, permitting the
deposition of small gravels and sand by reducing the local bed slope. At the level of the
watershed between the dam and Roller, MD, forest management by the City of Baltimore
and creation of a Natural Reserve area along the stream have increased water and
sediment retention on the upland valley slopes. At the watershed level, reforestation,
abandonment of agriculture, and implementation of agricultural best management
practices have reduced water and sediment discharge to the stream. This has not been
offset by the minor increase in suburbanization, which has taken place on large lots.
These runoff and sediment yield impacts of human activity in the landscape, both locally
and watershed-wide have affected channel evolution and should be included in the
channel evolution model. The model presented in the introduction has been modified for
the specific case of the former Gunpowder Paper Mill Dam impoundment, as shown in
Table 5.2 .
CHANNEL EVOLUTION MODEL ADAPTED FOR THE FORMER GUNPOWDER
PAPER MILL DAM IMPOUNDMENT
Channel Condition
Stage Stage Description, Lane's Relation
Watershed
(Ds / S)
Time Frame (t),
above Dam Site
Contribution
Study X-Sections
(Q / Qs)
PreRunoff and
Channel neither
Ia
Q S ∝ Qs Ds
regulation/dynamic
sediment yield
aggrades of degrades,
equilibrium
constant over
possible lateral
t >>100 years
centuries
movement, banks
vegetated to flow line
- Dam constructed
Runoff
and
Channel aggradation
Ib
Q S → Qs Ds
t > 100 years
sediment yield
from backwater effect
increase from
above dam, flow rate
deforestation and very slow, slope very
agriculture
shallow and
minimized sediment
transport rate, all
sizes deposited
Dam failure
No change
Channel established
II
Q + S + ∝ Qs Ds
t < 1 week
in exposed sediments
Degradation
III
Q + S + → Qs+ Ds+ Slight decrease in Channel degradation
runoff and
from increased slope
t ≅ 1-2 years
sediment yield
and flow rate,
(rainfall event
with land
incision causes steep
driven)
abandonment
banks, nickpoint
migrates upstream
+
+
+
Degradation and
Significant
Channel slope
IV
Q S → Qs Ds
widening
decrease in runoff stabilizes and width
and sediment
increases, overt ≅ 2-114 years
yield
with
steepened banks
GPMC
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reforestation and
improved
agriculture

undergo mass
wasting, incised
channel contains high
return period flows
Quasi-equilibrium
Significant
Water table lowered
V
Q S → Qs Ds
t > 70 years
decrease in runoff and banks
GPMB, GPMA
and sediment
strengthened,
yield with
meandering thalweg,
reforestation and some sediment
agricultural
storage in small
abandonment
floodplains; bed
poorly sorted, wide
size range, large Ddom
Table 5.1: Channel evolution model for the former Gunpowder Paper Mill Dam
impoundment. Adapted in part from Doyle and Shields, 2000 with time frame, Lane's
relationships, and water and sediment contributions from the watershed as a result of land
cover changes. The current stage of each cross-section is identified.
Channel evolution models, as they currently appear in the literature and in this
study, ignore a very important part of channel morphology - the planform. Cross-section
and longitudinal profiles have both been addressed in the literature. Planform features,
such as meander wavelength, meander radius of curvature, and thalweg inflection have
not been included. Preliminary field observation of the study site indicates that the small,
modern floodplains at GPMC and GPMB are a result of thalweg deflection away from
the floodplain banks by a channel curve and a bedrock outcrop, respectively. Were these
features not present, the streambanks would resemble those on the opposite banks and the
overall cross-section morphology would resemble more that of cross-section GPMA.
4. Habitat Recovery and the Role of Restoration
This study analyzed the hydrologic function and level of habitat recovery of the
impoundment sediments by examining landscape process at several spatial and temporal
scales. Habitat recovery has not occurred at the spatial and temporal scale of riparian tree
species life cycles because watershed-wide landuse and land cover have changed in ways
that influence landscape process at much coarser spatial and temporal scales. The failure
of the dam initiated a reversal in landforming process within the former impoundment,
which would have probably removed the energy discontinuity in the longitudinal stream
system if sediment and runoff discharge had not also changed. While channel incision
may have had negative impacts on riparian tree habitat recovery by lowering the water
table, the changes in sediment and runoff discharge have probably positively affected the
streambed substrate macroinvertebrate habitat by removing fine sediments and
maintaining the poor sorting of particle sizes. Had watershed land cover remained the
same as it was at the time of dam failure, it is likely that most of the impoundment
sediments would have been removed and the channel would now be a rocky gorge as it
now is upstream and downstream of the former impoundment. As a result, the physical
structure of both the streambed substrate and riparian habitats would have recovered.
However, water quality impacts related to historical land cover would have affected the
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biotic community, such as turbid water, higher water temperature, lack of allochthonous
material, high nutrient concentrations, and depleted seed sources.
This site might benefit from human intervention in the form of a carefully
designed restoration project. Different levels of intervention might improve the sediment
hydrology without permanently damaging the streambed substrate habitat. Extreme
interventions might include removal of all the impoundment sediments and replanting of
the new riparian corridor. In addition, the dam wing, remnant footer, and railroad
embankment should also be removed, along with the upland wetlands and any sediment
deposition in the tributary valleys uphill from the railroad. This would be very expensive,
but would remove the energetic discontinuity entirely. In addition to the cost, there are
some cultural and environmental disadvantages. Historical archaeological resources
would be lost and a large volume of sediment would have to be landfilled somewhereelse. Another extreme intervention would be the redamming of the river. This would be a
cultural, rather than environmental, restoration. The discontinuity would be maintained,
but the reservoir habitat might be an improvement on what is currently in place. The
reduction in sediment discharge in the stream would limit deposition in the impoundment
and the site might serve public works, cultural, and recreational functions. The dam and
flows could be designed to minimize some of the downstream habitat impacts of dams,
such as the barrier to fish migration, warm or gas saturated flows, and scouring or
inadequate volume or timed discharges. Once again, some historical archaeological
resources might be lost.
Moderate interventions might also benefit the site. Control of invasive species and
planting of trees tolerant of the sediment hydrology and local herbivores would help with
soil development, channel shading, and allochthonous material supply. This would not be
a true restoration project because it would maintain the systemic discontinuity in the
same manner that the wetlands behind the railroad embankment do. However, it might
become a functioning system that does not threaten neighboring systems by harboring
and propagating invasive species. Additionally, some of the physical characteristics, such
as water temperature, and biotic characteristics, such as continuous edge cover for species
movement, might be improved. This type of intervention will require ongoing
maintenance and management until the new vegetation is established. Archaeological
resources would not be removed and could be curated as a cultural resource.
Of course, there is always the non-intervention option. There is a fairly rich
historical record of this site. It has been managed as an environmental resource for many
decades and probably will be so into the foreseeable future. For these reasons, it is a
useful site in which to study the long-term and ongoing response of the physical habitat
and biotic community to river damming, subsequent dam failure, and changes in
watershed-wide land cover in a place relatively free of other confounding variables. The
disadvantages of this approach are the negative impacts on surrounding habitat. Invasive
plant species may spread to adjoining woodlands, downstream species may be deprived
of food supplies and genetic material, and the appearance of disturbance may attract
unwanted human recreational activities, such as off-road motoring.
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5. Conclusion
This study may help fill the void in the American literature of place-specific case
studies that investigate physical habitat change with reference to multiple temporal and
spatial scales. The philosophical attitude of this study has tried to avoid the very common
implication that human activities that impact landscape are inherently bad. Humans used
to live and work in this place and no longer do. Artifacts remain on the landscape and still
affect biotic and abiotic processes. Humans activities affect the larger watershed
processes that provide inputs to this site and probably will continue to do so for a long
time. White-tailed deer are now the largest animals to live here and they too impact the
landscape as they selectively browse and carve paths down steep banks to the water.
Large conifers grow on the steep valley slopes and are occasionally windthrown, tearing
up large hunks of soil and rock and knocking over other trees. The impacts of deer and
falling trees can often be seen on the landscape for many years, even decades.
The final value of a study such as this one may be to encourage humans to think
about the long-term effects of their activities on landscape and physical habitat processes
and, thereby, modify their activities to promote desired outcomes and minimize damage.
Human activities that could benefit from more initial thought should not be limited to
those that are recognized as landscape altering, but should include those that are now
considered to be landscape restoring. The line between alteration and restoration is not
always clear. In the case of the former Gunpowder Paper Mill Dam impoundment, local
alteration from the mill activity and the "restoration" of watershed vegetative cover may
have worked against each other to delay or prevent the recovery after dam failure of the
impoundment site physical habitats. Nevertheless, a place with its own beauty, physical
processes, history, and biotic community has evolved in the former impoundment and
who is to say what its environmental worth truly is or may be?
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