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Executive Summary
Deliverable 1 - Quantify Legacy Sediment Volumes and Nutrients

e The depth of excavation during restoration was based on reconstruction of the pre-
settlement ground surface elevation in the valley bottom. This ground surface,
marked by a distinctive dark A-horizon of a paleo-soil, was buried beneath historic
(i.e., legacy) sediment. The buried soil and legacy sediment were exposed along
incised stream banks prior to restoration.

e We estimate that 21,704 cubic yards of legacy sediment was removed from the
restoration reach, which equates to a mass of ~21,955 tons when volume is
multiplied by the average bulk density of legacy sediment throughout the
restoration reach (bulk density = 1.2 g/cm3 =75 Ib/ft3). This estimate of volume
removed is the difference between (1) the ground surface obtained from pre-
restoration (2008) airborne lidar, and (2) the ground surface obtained from a post-
restoration (2011) as-built survey done with a total geodetic station.

e The average concentration of total phosphorus (TP) in Big Spring Run (BSR) legacy
sediment is 1161 ppm, which is equivalent to 2.3 Ibs-P/ton of sediment. Therefore,
the mass of total phosphorus removed with the sediment during restoration is
~50,498 lbs.

e The average content of sorbed P (TPi) in BSR legacy sediment is 811 ppm, or 1.6
lIbs/ton, which equals ~35,128 lbs of sorbed P removed during restoration. Sorbed
P is attached to particle surfaces and can be released to surface waters under
reducing redox conditions.

e The average amounts of labile (bioavailable) and water extractable P in BSR legacy
sediment are 16.2 and 6.0 ppm, respectively, which equate to 0.032 and 0.012
lIbs/ton, respectively. Thus, 703 lbs of labile P and 263 lbs of WEP were removed
from the valley bottom ecosystem during restoration.

e The average concentration of total nitrogen (TN) in BSR legacy sediment is 1441
ppm, or 2.9 Ib-N/ton of sediment. This equates to ~63,669 lbs of TN removed from
the BSR valley bottom ecosystem during restoration.

e The average amount of bioavailable nitrate-N in BSR legacy sediment is 6.1 ppm,
which is 0.012 Ibs-NO3/ton of sediment. Thus, ~263 pounds of soluble NO3-N was
permanently removed from the valley bottom ecosystem as a result of the
restoration.

Deliverable 2 - Quantifying Sediment and Nutrient Loads in Surface and
Groundwater

e This deliverable is a partnership between: (1) the US Geological Survey (USGS),
which installed and maintained three gage stations at BSR and which installed 18
valley bottom piezometers (via this grant and other grants to F&M); (2) US
Environmental Protection Agency (US EPA), which installed 29 shallow ground
water wells in the uplands surrounding the BSR restoration reach, and which



analyzed all but the initial SW and GW samples for this project; and (3) F&M, whose
role was to assist USGS and EPA scientists when necessary.

Despite acquiring extensive surface water (SW) and groundwater (GW) data during
the pre-restoration phase of the project (2008-2011), due to delays in
implementing the restoration project that went beyond the sampling timeline, no
GW samples and few SW samples were collected during the post-restoration phase
(2012 to present).

As aresult of the delays that were beyond the control of the monitoring project, we
are not yet able to estimate nutrient load reductions and efficiencies. However, the
data collected during this project provides a baseline of nutrient loads that will be
used for future estimates of the load reductions that resulted from the restoration
efforts.

New funding is available and monitoring is underway for 2014-2016 that is
intended to fill this data gap.

We expect to have pre- to post-restoration nutrient load reductions by the end of
2016.

Deliverable 3 - Sources of Sediment and Sediment Fingerprinting

The average contribution of sediment supplied to Big Spring Run from bank erosion
prior to restoration can be deduced using mass balance calculations of 137Cs
concentrations in stream bank sediments (Walter et al., 2006). These calculations
show that 30-65% of the sediment supplied to the upper BSR watershed prior to
restoration can be attributed to bank erosion. These values reflect a minimum
estimate of the contributions from bank erosion, as the stream banks themselves
contain an appreciable amount of 137Cs in the upper ca. 30 cm of the stream bank
section.

We conducted a methodological test of our trace element sediment fingerprint
procedures by analyzing samples from the Mill Stream Branch (MSB) in the
Maryland Coastal Plain that had been examined previously and independently by an
analytical laboratory at the USGS. Our investigation on the same samples that were
analyzed by the USGS yielded identical results to those presented in Banks et al
2005 and Massoudieh et al 2012. These results indicate that stream banks
contributed ca. 100% of the suspended sediment load to MSB, even though the
USGS and F&M labs used different sample preparation methods and analytical
methods. This methods test adds a high level of confidence and quality assurance
to the trace element fingerprinting methods employed by our group at BSR.
Applying the same analytical procedure and mixing model calculations that we used
to demonstrate the similarity between USGS and F&M results for the Mill Stream
Branch sediment fingerprint study, we find that 60-70% (average of 63%) of the
suspended sediment load sampled at the downstream gage at BSR (located just
below the restoration reach), was derived from stream bank erosion.

Conducting the same mixing model calculations for the fluvial sediments collected
at the East Branch (Sweeney) and West Branch (Fry) gages at BSR, we estimate that



stream banks contributed up to 33% of the East Branch (Sweeney) gage sediments
and up to 54% of the West Branch (Fry) gage sediments.

e We observe a 63% stream bank contribution (i.e., from bank erosion) at the
downstream Keener gage, which indicates from mass balance calculations that
bank erosion between the upstream and downstream gages at BSR must be ca. 80-
90%.

Deliverable 4 - Quantify Bank Erosion, Sediment Storage and Upland Erosion

e After restoration, the sediment flux out of the restoration reach is much less than
prior to restoration (decreased from 3-year pre-restoration average of 218 tons per
year to 1-yr post-restoration value of 109 tons per year). More years of monitoring
will be necessary to identify trends with time and to calculate long-term averages
for comparison with longer-term averages of pre-restoration data. Data for October
2012 September 2013, the 2nd year of post-restoration monitoring, will be available
in 2014.

e USGS gage data indicate that an average of 94 tons/yr of fine suspended sediment
was contributed from bank erosion within the restoration reach for 3 years prior to
restoration (average annual value for 2008-09, 2009-10, and 2010-11).

e Our repeat topographic surveying and grain size analysis show that ~91 tons/year
was eroded from stream banks that consisted of nearly 100% fine sediment
(average annual value of survey results from 2004-2011).

¢ Based on data from the gage stations for suspended sediment load (with a
measured mean grain size of 16 microns), there has been a substantial increase in
the # of days when the amount of suspended sediment entering the restoration
reach is greater than that measured at the downstream terminus of the restoration
reach since restoration in 2011. Hence, not only must erosion within the
restoration reach be small (if not 0), but also some deposition must be occurring
within the restoration reach.

e The amount of deposition of fine sediment (clay, silt, and fine sand) within the
restoration reach is small, and is estimated to have been approximately 15 tons
during the first year after restoration. This amount is insignificant in comparison to
the amount of deposition of legacy sediment that buried the original wetland and
was removed during restoration, which was ~23,000 tons.

e We conclude from gage data and surveying that bank erosion in the restoration
reach no longer is a source of fine sediment, hence explaining the reduction from
218 to 109 tons of suspended sediment per year measured at the downstream
USGS gage station. Both the USGS gage data and long-term monitoring of surveyed
cross sections independently support this conclusion.

e Prior to restoration the percentage of days in a year during which deposition
occurred ranged from as low as 2% to as high as 25%. After restoration, deposition
occurred during 49% of days.

e The % of days in which there was net loss of sediment from erosion in the
restoration reach (i.e., suspended sediment load measured at downstream gage
divided by the sum of sediment loads measured at both upstream gages is > 1)



decreased from a range of 75-98% from 2009-2011 (pre-restoration) to 51% in
2012, the first post-restoration year.

¢ In sum, the source of the load of sediment from bank erosion within the restoration
reach no longer exists, and since restoration the restored reach now traps and
stores some fine sediment. The result of these two factors is that the net loss of
sediment is substantially reduced by removal of legacy sediment. Analysis of data
from subsequent water years will be useful to further evaluate this trend.

e The increase in fine sediment trapping may have begun after the plant community
was established during the early part of the 15t post-restoration growing season in
May, 2012.

Deliverable 5 - Biological Indicators of Ecosystem Services

e The shift in vegetation characteristics between pre- and post- restoration time
periods was definitive from a plant community dominated by facultative upland,
non-native species to a plant community dominated by obligate /facultative wetland,
primarily native wetland plants.

e The immediate reduction in relative percent cover of reed canary grass, an invasive
species, is a positive outcome and indicates the initial success in reducing
undesirable plant species in the riparian zone.

e The restoration target palustrine emergent vegetation was successfully established
during the first growing season after construction.

e The current trajectory of the developing palustrine emergent marsh plant
community, given its early establishment and stability under a variety of hydrologic
conditions since restoration, is expected to continue.

e Given the major ecosystem disruption during construction, the anticipated decline
of amphibian populations was confirmed during the first six months after sediment
excavation and channel reforming.

e Preferred habitat for northern red salamander has increased over pre-restoration
conditions and is expected to result in long term increases in these populations as
the site and aquatic ecosystems continue to mature.

e The unrestored section of BSR may have provided refugia for amphibians during
construction.

e Asthe restored aquatic ecosystems continue to mature, we expect a shift in the
amphibian community from primarily streamside species to those more common in
palustrine emergent wetlands.

e The current results from the macroinvertebrate study include data from only one
sample date eight months post construction, and it is likely that at least several
years will be required to fully assess macroinvertebrate responses to restoration.

e Both diversity and densities of macroinvertebrates in the restoration reach declined
in the first year after construction as is commonly observed following restoration
activities.

e A positive macroinvertebrate community response, from an ecological perspective,
might be achieved if the goal of the restoration is for multi-functional anastomosing
channel and palustrine emergent wetland ecosystems.






A. Synopsis of the Big Spring Run Aquatic Ecosystem Restoration Project
A.1. Location and Background

Location: The Big Spring Run (BSR) Watershed is a sub-basin of the Conestoga River
Watershed in Lancaster County, PA (Figure A1). The Conestoga River sub-basin is part of
the Lower Susquehanna River flowing to the Chesapeake Bay (CB). BSR is typical of many
headwater watersheds in the Piedmont Physiographic Province with low valley slopes
(~0.005) and relief (~30 m). The focus of this study is a restoration site along 1st- and 2nd-
order sections of BSR (drainage area 15 km?, Figure A2).

The restoration site is located about 1.7 km upstream of a ~2.5-m high milldam that is
breached. The breached milldam is near the confluence of BSR with Mill Creek, the latter of
which flows directly into the Conestoga River. The milldam is identified on the 1864 Atlas
of Lancaster County (Bridgens, 1864) and was used to operate a machine shop. A local
farmer (H. Keener 2008, personal communication) who knew the miller reported that the
mill operated on waterpower until the early 1900s.

Today, stone remnants of the structure are found at the location where the dam once
spanned the entire valley. Fine-grained, laminated sediment, typically referred to as legacy
sediment, is stacked to the level of the top of the milldam on the upstream side. The
milldam appears breached on early historic aerial photographs (late 1930s, 1940, 1957)
and a 2005 digital orthoimage. These images also reveal that the stream was incised into
legacy sediment within the restoration reach during this time period. Other structures and
channelization/relocation activities along Big Spring Run during the 1800s and early 1900s
led to constrictions and slope changes that caused additional sedimentation upstream of
the reaches where the structures were built (Figure A3).

After centuries of legacy sediment deposition along BSR, grade-control structures that
breached sometime in the early 20t c. led to deep channel incision. The channel incision,
in turn, led to lateral channel migration and bank erosion. Channel incision in the
restoration reach was possibly augmented by channel relocation and straightening just
downstream of the restoration area (see Figure A3).

Channel incision, often to bedrock and groundwater levels, created flow conditions that
remobilized Pleistocene gravel from beneath buried Holocene wetland soils. This gravel
can be seen in Figure A4a as an exhumed Pleistocene surface (see below) that was exposed
as the channel bank retreated during bank erosion. Within the restoration reach, clasts up
to ~5-cm in diameter were mobilized from this underlying gravel during high-flow events
and were associated with gravel bar formation along the incised stream corridor (Ahamed,
2012). The heights of these gravel bars are shown in Figure A3.

From historic photos and landowner accounts, we estimate that channel incision into
legacy sediment began at the restoration site sometime between the early 1900s and
1930s. Historic photos taken by landowners show small dams and ponds in the uppermost
part of the restoration site as recently as ~1930 (photos owned by R. Houser). Multiple



structures that include culverts and small (<3-ft) dams were built along the incised channel
in the 20t century. Culverts with dirt road crossings sometimes caused localized
backwater effects even after channel incision, keeping the bed elevation higher than the
original (i.e., pre-European settlement) valley bottom surface at some locations (Figure
A3).

Background: Because of nearly 8 years of pre-existing scientific research and hydrologic
(surface and groundwater) monitoring data by the United States Geological Services
(USGS), the BSR site was selected by PA Department of Environmental Protection (PADEP)
in 2007 to evaluate a new approach to aquatic resources restoration. The Natural
Floodplain, Stream, and Riparian Wetland Restoration Best Management Practice (NFSRWR-
BMP) proposed by PADEP was included in the recently developed CB Watershed
Implementation Plan, part of EPA’s Total Maximum Daily Load (TMDL) assessment for the
CB. The previous USGS study was a 7-yr paired-watershed investigation at BSR from 1993-
2001 (Galeone et al, 2006). This USGS study documented stream flow, nutrient and
sediment loads from several gaging stations, 17 piezometers, and 2 wells in both “treated”
and control basins over this time. The current restoration experiment at BSR is located in
the same basin that was used as the “control” basin in the USGS paired watershed study.
Information from the previous study provides a valuable addition to our pre-monitoring
study.

A. 2. Motivation for Floodplain, Stream, and Riparian Wetland Aquatic Resource
Restoration

Stream bank erosion, in general, was not widely viewed as a major source or delivery
mechanism for either sediment or nutrients to streams in the Chesapeake Bay watershed
until recently (c.f., Walter and Merritts, 2008). Most watershed models still consider
upland hill slope erosion as the dominant source of suspended sediment and particulate-
bound P (c.f., Boomer et al., 2013). Although Pionke et al. (2000) found that 98% of the
algal available P in an agricultural watershed in Pennsylvania came from just 6% of the
watershed that was nearest a stream, they did not consider bank erosion as a contributor.
Even when bank erosion is recognized, it is “balanced” against storage, implying that there
is no or little net contribution from bank erosion (c.f.,, Smith et al.,, 2011). Such reasoning
implies that the eroded upland soil that enters a stream can somehow preferentially avoid
being stored.

This view is paradoxical because many, if not most, streams in the Chesapeake Bay
watershed are characterized by highly erosive vertical cut-banks that expose many feet of
fine sediment. These banks have the potential to deliver substantial loads of fine sediments
and sediment-derived nutrients directly to streams (Wolman, 1958; Merritts et al, 2011,
2013). A common misconception, however, is that substantial bank erosion is a “natural”
fluvial process associated with self-formed meandering stream systems. As such, its
contribution to contemporary nutrient and suspended sediment loads is considered to be
negligible because bank erosion is balanced by storage in the channel, or it is thought that
bank erosion can be minimized by restoration strategies that “protect” banks from eroding
(c.f, Smith etal, 2011).
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Our previous work (Walter and Merritts, 2008, Merritts et al., 2011, and Merritts et al,
2013) demonstrates that bank erosion in many parts of the Chesapeake Bay watershed is
not a “natural” fluvial process, but rather it is largely an artifact of centuries of human
manipulation of regional valley bottoms for waterpower. Immense amounts of historic
sediment are stored in valley bottoms as a consequence of these human activities. As a
result, bank erosion contributes substantial sediment and nutrient loads that have negative
impacts on downstream ecosystems. Based on these insights and the work of other
researchers (Banks et al., 2010; Mukundan et al., 2010; Devereux et al., 2011; Massoudieh
etal., 2012; Voli et al., 2013), views on the relative importance of bank erosion of legacy
sediments to suspended sediment loads are beginning to change (c.f., Boomer et al., 2013).

Earlier researchers observed and described post-European settlement valley-bottom
sedimentation (e.g., Bennett, 1931; Happ, 1945, Overstreet et al.,, 1968). Costa (1975), for
example, documented that stream bank sediments in the Maryland Piedmont contain
substantial amounts of transported agricultural soil eroded from uplands during the peak
agricultural period of the 18th and 19th Centuries, which is described as ca. 1 to 1.5 m thick
massive, red-brown loams. Costa (1975) and previous authors attribute the deposition of
these silt loam sediments to vast amounts of eroded soil overwhelming natural stream
systems: “The slow rates of channel migration of Piedmont streams (Wolman and Leopold,
1957; Overstreet and others, 1968) imply that the agricultural sediment was spread over
the surface of flood plains by overbank deposition, because streams would not have had
sufficient time to rework valley fills since the initiation of large-scale agricultural land use.”

This scenario is untenable, however, because it is a physically unlikely that fine-grained
sediment would have spread over 100- to 300-foot-wide valley bottom surfaces (the
typical valley bottom widths) while accumulating the thicknesses (3 to 20 feet) that are
observed in stream banks throughout the mid-Atlantic Piedmont, without acquiring any of
the sedimentary structures associated with fluvial deposition. For example, within typical
legacy sediment deposits there are no point bars, no fining upward sequences, no lateral
accretion surfaces, and no cross bed sets that are essential indicators of deposition by
moving water. Instead, we observe stream banks composed of massive, horizontally
layered and thinly bedded silts and clays, which are hallmarks of deltaic deposition in
slackwater reservoirs.

To the best of our knowledge, no one has successfully modeled or shown mechanistically
how a meandering stream can build a stack of massive loamy sediments above a gravel bed
in the manner described by Leopold and Wolman, 1957; Costa, 1975; or Jacobson and
Coleman, 1987. However, it is a straightforward process to model and demonstrate how
meandering cut banks can be generated from base-level lowering resulting from dam
breaching and incision into a sediment-filled reservoir (Cantelli, 2004). Occum’s Razor
requires us to accept the simplest solution (i.e., the profound and documented widespread
influence of base level change, after Merritts et al.,, 2011 and 2013) until more complex
hypotheses (i.e., thick floodplain deposition of massive silt loam without a mechanism
associated with a grade control structure, as articulated by Costa, 1975) can be successfully
demonstrated.
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Our studies document that stream banks in most 1st to 3rd order stream valleys in the Mid-
Atlantic Piedmont were formed within the last few centuries from the following sequence
of events: (1) the construction of tens of thousands of milldams for water-power (base level
rise); (2) complete infilling of millpond reservoirs during the intense agricultural period of
the 18th and 19t Centuries; and (3) the subsequent breaching of milldams (base level fall)
in the 20th Century (Walter and Merritts, 2008, Merritts et al.,, 2011). Widespread evidence
for millpond sedimentation is irrefutable (c.f., Walter and Merritts, 2008, in Pennsylvania
and Maryland; Pizzuto and O’Neal 2010, in Virginia; Wegman et al,, 2013, in North Carolina;
and Strouse, 2013, in New England).

Of significance to these findings is the compelling evidence of widespread millpond
sedimentation from airborne lidar data (Walter and Merritts, 2008, Merritts et al, 2011).
High-resolution topographic data from lidar reveals clearly that valley bottom sediment is
graded to the crests of dams that span valley bottoms, as it typical of modern reservoir
sedimentation. One difference between older milldams and more modern structures is that
the older dams rarely had a spillway. Instead, a race delivered water from one end of the
dam to a mill, and water spilled over the remainder of the dam. Some of the longer dams
(up to hundreds of meters in length across valleys) had a higher part in the middle and
water spilled over a lower crest on the side of the valley opposite the race. When these
older dams breach, failure is typically at one of the two endpoints. As a consequence,
modern incised streams are commonly on one side of the valley or the other at the
locations of the thickest parts of the wedges of historic sediment. Lidar data and historic
maps reveal that the upstream parts of these reservoirs of sediment pinch out, and this is
where the next milldam is located. The result is a long series of sediment-filled wedges
along the lengths of streams, each wedge indicating a former millpond and millseat that
supplied power for a host of purposes to the local area.

Millpond sediments might not be everywhere on small order Mid-Atlantic streams, but so
far we have found only a few local examples where they do not exist. One such area occurs
near the headwaters of Marsh Creek in Chester County. Here, at a site called Great Marsh
(Martin, 1958), we observe broad, flat palustrine emergent wetlands (Cowardin, 1979).
The palustrine emergent wetlands in the Great Marsh include an abundance of wet
meadow wetlands often dominated by tussock sedges. Marsh Creek flows through the
palustrine emergent wetlands; drainage ditches dug by farmers over the past few
centuries, and more recently the NRCS, augment its flow (J. Moore, personal
communication). Radiocarbon dates and pollen analyses of the wetland soil, by Martin
(1958) and us (Grand Pre et al,, 2012), reveal that this palustrine emergent wetland formed
ca. 10,000 years ago in response to warming after the Last Glacial Maximum. The
palustrine emergent marsh has continued to function as a resilient wetland ecosystem up
to the present day without changing wetland types or successional stages to palustrine
forested wetlands.

It is important to note that the valley bottom palustrine emergent marsh at Great Marsh

was never covered by more than a few inches of agricultural sediment, despite undergoing
the same land use history and intense agricultural erosion as the rest of the surrounding
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Piedmont region of Pennsylvania, and despite the fact that Marsh Creek has flowed through
it for centuries. In fact, we observe soil from upland soil erosion stacked at the edge of the
marsh and the base of the adjacent hill slopes, indicating that there was no mechanism to
bring the sediments into or spread onto or over the valley bottom aquatic ecosystems. The
reason that Great Marsh never accumulated legacy sediment is that the valley bottom
immediately downstream of Great Marsh was never dammed for milling.

We assert that this is incontrovertible proof that damming and reservoir filling are
required to create broad valley flats filled with massive, fine-grained legacy sediment. If
this were not the case, if -- for example -- legacy sediments were deposited entirely by
overbank fluvial processes, then Great Marsh should have stacks of legacy sediments
deposited in the manner suggested by Costa (1975), or Jacobson and Coleman (1986), and
this sediment should contain evidence of fluvial sedimentary structures. The fact that it
does not, combined with the observation that there is no geological or historical evidence
for a milldam, leads us to consider this is as prima facie evidence in support of base-level
control for stream bank formation, based on pervasive (but not ubiquitous) construction of
milldams (Walter and Merritts, 2008; Merritts et al., 2011).

Again, Occum’s Razor dictates the simplest interpretation that modern cut-banks formed
by incision (via post-dam breach base level fall) into stored millpond sediment.
Furthermore, the cut banks are not incising into sediment deposited on floodplains by
fluvial processes. It is worth emphasizing that we do observe some sedimentary structures
indicative of fluvial processes, but they are found only under specific spatial and temporal
conditions, that is as: (a) modern, inset point bar deposits that formed after the milldam
breached and after incision cut deep enough into the to stack of stored millpond sediments
to mobilize coarser material; or (b) thin, lenticular, sandy strata at the top of some
sediment stacks far upstream of the breached milldam impoundment.

These observations demonstrate that: (i) sandy-gravel point bar deposits form only in the
modern meandering stream, as modern inset features spatially lower and temporally later
than the silt loam cut banks of older legacy sediments; (ii) sediment clasts in these point
bar deposits are all locally derived, range from gravel to clay, and fine upward; (iii) the
absence of fluvially derived sediment structures in older stream bank legacy sediments is
proof that they were not deposited by flowing water; and (iv) occasional thin, sandy
deposits that cap upstream legacy sediment surfaces were deposited after the millpond
reservoir filled with sediment. The coarsening upward sequence noted in iii and iv above is
characteristic of sedimentation in a delta, in which “legacy sediments” comprise the fine-
grained bottomset beds (suspended load) and occasional thin, lenticular sandy caps as the
coarser topset beds (bedload) of a shoaling delta sequence. Also, just after a dam breaches
and incision begins, the meandering stream banks are relatively shallow and overbank
deposition of coarser bedload material can spread out on a transient “floodplain surface”.
As incision cuts more deeply in the millpond sediments, such over bank deposition
becomes less frequent until the cut is so deep that some banks (especially those between 6
and 20 ft high) have never experience overbank deposition again. For example, in the 10+
years we have studied the Denlinger’s Mill site, which has legacy sediment cut banks up to
20 feet high, no storm flow has gone higher that half the bank height.
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Wegman et al. (2013) document two stages of Post-Settlement legacy sediment deposition
in Piedmont valley bottoms of North Carolina: (1) thinner (ca. 1 ft) pre-dam sediments
consist primarily of fluvial sands, and are interpreted as channel aggradation in response to
soil erosion from upland land clearing prior to dam construction; and (2) thicker (up to 10
ft) Post-dam sediments are characterized by finer grain size and sedimentology consistent
with slack water deposition. It is noted that intense milldam construction began ca. 100
years later in the southern Piedmont compared to the Mid-Atlantic region (Walter and
Merritts, 2008: supplementary information), indicating that during the period of intense
agriculture and soil erosion that some pre-dam fluvial deposits had time to form in the
southern Piedmont but not in the Mid-Atlantic region were intense erosion and milldam
construction were contemporaneous. Further, Wegman et al (2013) accentuate the
necessity of milldam impoundments for trapping fine-grained legacy sediments, which
comprise the majority of stream banks in the North Carolina Piedmont.

Understanding the correct mechanism by which post-settlement, agricultural-era “legacy”
sediments were deposited, as well as understanding the reason for modern incision and
bank erosion, are crucial for determining what to do about stream bank erosion. In other
words, diagnosing the problems correctly is crucial to any efforts at restoration. For
example, although Wolman (1958) and Costa (1975) recognized that bank erosion rates in
the Maryland Piedmont are high, this erosion was interpreted to be the result of urban
development and storm water runoff (c.f., Walsh et al., 2005). Subsequent restoration
strategies were developed in a targeted effort to stop or slow stream banks from eroding
(e.g., riparian buffers and bank rip rap). Incised streams with eroding banks were
characterized as having “urban bank syndrome”, yet our work shows that such conditions
are found wherever a historic milldam has breached, regardless of upstream land use. For
example, Mountain Creek, PA, has nearly 100% forest cover that dates to the late 1800s,
but 11 of its 12 milldams are breached, and all but the unbreached dam site have incised,
eroding banks.

Bank armoring often fails because these strategies are rooted in a paradigm accepting
stream banks as part of a natural fluvial system that was simply “overloaded” with
agricultural sediment. When it becomes clear, however, that modern meandering streams
are as much artifacts of the post-settlement agricultural era as the legacy sediments
themselves, then one must recognize that new restoration methods are needed that use
this knowledge to its fullest potential.

Unlike upland soil erosion, where the sediment delivery to the stream is a function of a
number of complex variables (e.g.,, geomorphologic, hydrologic, landuse, soil texture,
vegetation, location, distance to stream, and extent of sediment sources), the delivery of
bank sediments to stream water is as uncomplicated as it is efficient: 100% of eroded
stream bank sediment will be delivered to the stream, perhaps not instantaneously but
over a few seasons. Stream bank erosion is a highly seasonal and stochastic process, but it
can yield high long-term average suspended sediment loads (Merritts et al., 2011). Here
we document the nutrient content of stream bank sediments at Big Spring Run. In
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subsequent sections we relate these concentrations to nutrient loads from stream bank
erosion.

Brantley et al. (2011) outline twelve testable hypotheses on the geobiology of weathering,
in which Hypothesis 11 states: “In many severely altered settings, restoration of
hydrological processes is possible in decades or less, whereas restoration of biodiversity
and biogeochemical processes requires longer timescales”. The Big Spring Run restoration
experiment is testing this hypothesis through the removal of ca. 21,955 tons of legacy
sediment and the subsequent reconnection of groundwater and surface water in a low,
valley bottom aquatic ecosystem. How long will it take to establish the hydrology,
biodiversity and biogeochemical processes of a functioning wetland ecosystem? Here we
quantify the reduction of nutrient loads as a result of legacy sediment removal, and discuss
the impacts this is having and will have on the rejuvenated and restored valley bottom
aquatic ecosystems.

A. 3. Restoration Target: Pre-settlement Anastomosing Channels and Palustrine
Emergent Wetlands

The template for valley bottom restoration in the Mid-Atlantic region lies beneath the
legacy sediments, and extends back in time to a deeper understanding of the geological
trajectory and development of these buried aquatic ecosystems. Essential is an
understanding of the functions provided by pre-settlement valley bottom aquatic
ecosystems. Previous workers identified older strata beneath the post-settlement
agricultural sediments, and many described seeing dark, organic rich sediment directly
underlying the oxidized legacy sediment. For example, Costa (1975) and Jacobson and
Coleman (1987) note a “not uncommon” dark organic horizon below agricultural sediment,
but attributed it to a buried soil of unknown age, origin or relevance. However, the age and
origin of this organic rich pre-settlement soil are relevant, and are part of the solution to
developing sustainable restoration targets.

We now recognize that Mid-Atlantic pre-settlement, Holocene valley bottoms were
characterized by pervasive wetland ecosystems (Voli et al.,, 2010; Merritts et al., 2011),
with no evidence of significant single thread meandering fluvial processes during the
Holocene (Walter et al., 2008). Based on this knowledge, we propose that the restoration
approach should be to restore the valley bottom wetland ecosystems that predominantly
consisted of palustrine emergent marshes, similar to that which exists today at Great
Marsh. Wetlands are highly valued for their ability to trap sediment and filter or remove
nutrients from surface water (Tiner, 1987), and their widespread restoration could
substantially and markedly improve surface water quality (Mitsch and Gosselink, 2000).

Following Martin’s (1958) seminal paper on the age and ecological persistence of Great
Marsh for millennia, Bricker and Moss (1958) struggled to understand why Great Marsh
was there at all, noting how unusual such valley bottom wetlands were in the Mid-Atlantic
Piedmont. What Bricker and Moss could not realize at the time was that these valley
bottom wetlands were actually pervasive, but that they were buried and hidden from view
for two centuries under stacks of millpond sediments. By the late 20th and early 21st
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Centuries, millpond sediment stacks had been eroded deeply enough to expose these
widespread, buried wetland soils, providing us with the evidence necessary to reconstruct
their origin and evolution (Walter and Merritts, 2008; Voli et al., 2009; Merritts et al.,
2011).

Beneath these pervasive valley bottom wetlands is an older yet equally pervasive gravel
deposit, which has been consistently misidentified as fluvial point bar deposits (see Costa,
1975; Jacobson and Coleman, 1986). These deposits contain clasts that range in size from
boulder to fine sand: they are usually quartz, are typically angular to subangular in texture,
and they directly overly bedrock (Walter and Merritts, 2008; Merritts et al, 2013).
Typically, these clasts are matrix-supported with no clear bedding structures. In aggregate,
these observations highlight: (1) the improbability of small-order Piedmont streams
carrying clasts the size of boulders; (2) the fact that large angular clasts would become
rounded if transported by water even a short distance; and (3) that the lack of bedding
structures and the presence of matrix-supported clasts are indicators of transport by mass
movement, and not by water.

Instead, mounting evidence (Merritts et al., in prep) suggests that these poorly sorted
gravels moved downslope into valley bottoms by periglacial mass wasting process that
occurred during one or more Pleistocene glacial periods, when much of the Mid-Atlantic
Piedmont was experiencing permafrost conditions, and remained essentially in place
(except for winnowing of matrix fines) ever since. These Pleistocene gravels served to
concentrate and direct shallow groundwater flow in the valley bottom, and formed the
substrate on which Holocene wetlands eventually developed and evolved. Prior to
European settlement, the gravel /hydric soil complex formed the hyporheic zone, where
critical surface water/groundwater interactions occurred.

Burial in wet silt deposited upstream of small dams and other valley grade control
structures provided ideal conditions to preserve paleo-records at the BSR restoration site.
Fossil seeds of water plantain (Alisma plantago-aquatica), for instance, in silt near the base
of legacy sediment indicate that ponding began circa 1730 (Neugebauer, 2011). The paleo-
record at BSR also includes extensive, dark, organic-rich hydric soil that was buried—and
preserved—by historic sedimentation in slackwater environments (see (a) in Figure A4).
Portions of this buried hydric soil were exposed along most of the length of the incised
channel prior to restoration, and still are exposed along incised channels of BSR
downstream of the restoration reach. Two exceptions included locations where (1) a
sewer line was installed below the level of the hydric soil in the mid-20t c,, and (2) at point
bars formed in the wake of stream incision and eroding channel banks that formed during
the 20th c.

At BSR, the paleosol that is a hydric soil varies in thickness from 20 to 50 cm and is
composed of dark gray to black (typically 10YR 2/1) organic matter, sand and locally
abundant angular to sub-angular quartz gravel derived from long-term weathering of the
Paleozoic limestone bedrock with quartz veins. At some valley margin locations, the
underlying quartz rubble is contained within toe-of-slope colluvial deposits.
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The paleo-record at BSR indicates at least 3000 years of aquatic ecosystem stability
persisted prior to European settlement in 1709 (Merritts et al, 2009; discussed in detail in
section F). Analysis of fossil seeds and 18 radiocarbon dates acquired from the extensive,
organic-rich hydric soil reveals that a palustrine emergent marsh that was predominantly a
sedge (Carex spp.) dominated wet meadow wetland persisted from ca. 3500 BP to 300 BP
(ca. A.D.1700). The wet meadow wetland surface intersected the ground water table at the
level of multiple seeps and springs that control base flow. Notably absent from the paleo-
seed record are woody plants typical of palustrine forested and shrub-scrub dominated
plant communities that are considered in many riparian plant community restorations.
During this period of thousands of years of aquatic ecosystem stability, the long-term
sedimentation rate in the valley bottom was low, only ~0.01 cm/yr, resulting in just several
tens of cm of deposition during the last three millennia.

Paleo-geomorphic analysis revealed that small, low-energy channels with minimal bedload
sediment transport existed throughout the wet meadow at BSR prior to European
settlement. We propose that the reason we have not found distinct palaeochannel forms
buried beneath historic millpond sediment at BSR, or other mid-Atlantic Piedmont 1st-3rd-
order streams, is that channels in wet meadows were likely to be similar to those
characterized by Nanson & Knighton (1996) as the cohesive-sediment anabranching type.
Such laterally stable channels would have been multiple and small, with low stream power
(<10 W m~2) and with cohesive banks bounded by wetland soils. These streams
transported little sediment, a finding that is consistent with the low relief in the BSR
watershed, the limestone bedrock, and the paleo-record of low sediment loads to the
Chesapeake Bay prior to Colonial settlement [Brush, 1989].

Prior to mill damming and post-dam breach incision into legacy sediment, the valley
bottoms described here were substantially different throughout the Holocene Epoch
(11,500 years ago to present); with a key pre-settlement difference being the
predominance and ecological persistence of sedge dominated wet meadows for thousands
of years. We propose that as wetlands developed upon a low-relief periglacial rubble
substrate during the Holocene, plants that populated the spring-fed valley bottoms might
have increased resistance to, and hence attenuated, water flow. Some of the species listed
above, particularly Carex spp., form prominent mounds or hummocks that add
microtopographical flow resistance as well as bed and bank roughness elements.

Although stable anastomosing channels are considered relatively uncommon today
(Knighton, 1998), a review of archaeological, historic and geomorphological evidence
indicated that anastomosing channels and floodplain wetlands ‘were formerly of
considerable significance’ in lowlands of England and Wales [Lewin, 2010, p. 267]. We
posit that they were similarly of considerable significance in low-relief areas of the mid-
Atlantic region prior to European settlement and anthropogenic impacts.

The target post-restoration plant community type at BSR is similar to the pre-settlement
palustrine emergent marsh that is predominantly an open canopy wet meadow (Figure
A4). The depth of excavation during restoration was based on our estimates of the location
of the pre-settlement ground surface in the valley bottom. This ground surface is a hydric
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soil that merges along valley margins with colluvium derived from hillslopes (Kratz, 2011).
Most of the colluvium is coarse gravel-to boulder-sized material that formed during the
Pleistocene Epoch (11,500 to ~2 million years ago), a time of cyclical cold and warm
intervals. During some of the cold intervals, temperatures in the region were low enough
for permafrost to form. During annual warm periods (e.g., summer months), sediment
moved downslope as the uppermost part of the permafrost thawed. The past 11,500 years,
known as the Holocene, is the most recent of the warm episodes. Warming began ~15,000
years ago, leading to the complete demise of permafrost and deep seasonal frost in the
region. As a result, large amounts of colluvium moved downslope during this period of
extensive permafrost thawing, much as is happening today in Arctic permafrost regions as
a result of modern global warming.

It is possible that fluvial processes in the valley floor prior to Holocene wetland formation
and stabilization reworked some Pleistocene colluvium, but we find no evidence of
sediment transport of cobble or larger sized sediment in the sedimentary record. This
conclusion is not surprising, considering that BSR is a low-gradient headwater site (<2 km?2
upstream drainage area). The Holocene hydric soil formed on this Pleistocene periglacial
rubble as a result of groundwater flow from bedrock to the gravel substrate at springs.

A. 4. Restoration Summary

The engineering firm LandStudies, Inc. removed ~23,000 tons of legacy sediment, most of
which was fine-grained silt, during restoration in September-October 2011 (Figures A5-
A8)1. The post-restoration stream and floodplain wetland ecosystem established at the
level of the original wetland hydric soil consists of small channels with low banks that
frequently flow overbank (Figures A9-A11). Discharge greater than spring base flow is
conveyed through both the channel and floodplain, with variable channel depth of 0.1-0.2
m and floodplain boundary shear stresses <1.5 N/m2to maximize channel stability. The
channel planform increases flow retention and promotes exchange between the stream
channel and hyporheic zone across the entire valley bottom.

Ongoing scientific research and monitoring at BSR includes multiple ecological,
hydrological, and geomorphic strategies, as follows:

(1) Identify pre- and post-restoration plant communities, herpetological communities, and
aquatic macroinvertebrate communities and their characteristics,

(2) Determine sediment sources and quantify pre- and post-restoration sediment transport
(suspended load) and fluxes,

(3) Characterize bedload transport,

1 See Appendix 1 for engineering and construction details.
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(4) Quantify nutrient fluxes, and

(5) Model wetland hydroecological dynamics (lead investigator Dr. Laurel Larsen,
University of California at Berkeley).

Three USGS stream gaging stations installed for this project (with turbidity and
temperature sensors and suspended sediment sampling) are located at the upstream end
of each tributary entering the restoration reach and on the main stem downstream of the
restoration reach. USGS data are collected with respect to water years, which begin on
October 1 and end on September 30 each year. Groundwater is monitored and sampled
with18 USGS piezometers that were installed in October 2008.

Three years of pre-restoration and 2 years of post-restoration data have been collected
from these gage stations and piezometers as of this report (October 2013). Only the first
year of post-restoration data has been analyzed to date and is presented here. An update
to this report will be provided when USGS Water Year 2013 data, the 2nd year of post-
restoration monitoring, are analyzed.

A.5. Design Criteria and Goals

General criteria that guided the restoration engineering design and construction were
based on the geomorphic and paleo-ecologic assessments of the pre-restoration condition
and ecological functions and services provided by similar aquatic ecosystems. The criteria
are as follows:

1. Flows greater than normal spring base flows are conveyed through the floodplain.

2. Woody material placed within the channel increases the water surface elevation during
normal base flow and promotes base flow exchange within the hyporheic zone.

3. The channel and floodplain are designed to allow for extremely wet areas and dry areas
depending upon annual precipitation amounts and fluctuating groundwater levels. The
legacy sediments were excavated and removed from the valley bottom to the elevation of
the pre-settlement floodplain material that remains as is and in place.

4. The channel plan form is designed to increase flow retention and flow exchange from
the stream channel into the adjacent hyporheic zone and across the valley bottom. This
involved creating a variety of stream reaches (short steep run/riffles, long pools, wide
pools, narrow pools, etc.) and slight depression areas across the valley bottom and along
toes of hill slopes near the valley margins.

5. In order to provide additional denitrification potential and other habitat and base flow
grade control benefits, stumps and other woody material are placed frequently within the
channel and on the floodplain surfaces. These materials control the base flow direction and
water surface elevations within the channel and promote nutrient removal and increase
roughness within the floodplain.
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6. The constructed channel has a variety of widths and depths with a varying streambed
profile, creating a low gradient slope overall. Vertical drops through the restoration occur
primarily over woody material or larger rock that provides both base flow and invert grade
control and represents debris jams or colluvial material deposited along a hill slope.

A. 6. Description of Restoration Construction Process

A John Deere 750]-LGP dozer primarily was used to establish the restored floodplain grade
by removing legacy sediment to the pre-settlement floodplain elevation. Track hoes also
were used to establish the floodplain elevations in places where using the bulldozer was
not possible, as well as to excavate the restored channel. Restored channel inverts were
established by the elevations of bedrock and gravel layers that were encountered during
the initial channel excavation.

Next, log and brush piles were used to establish grade control for restored channel base
flow (see Figures A6 and A9). The log and brush pile structures were established by
excavating a trench to bedrock depth and perpendicular to the restored channel, then
installing the structures and backfilling over the structures to the desired channel width.

Erosion control matting/blankets were placed along restored channels per standard
application of erosion/sediment control techniques (see Figure A6b). The erosion
matting/blankets consisted of an interwoven biodegradable material that enhances seed
germination by absorbing water, regulating soil temperature, adding soil erosive resistance
strength, etc. The material also permits installation of woody vegetation within the
interwoven and flexible strands of netting material.

The exposed soils were seeded with a temporary cover crop of cool season winter rye
(grain) annuals due to the time of year and likelihood that a permanent cover of perennial
wetland species was not expected given the short growing season after sediment
excavation was completed in December 2011. The annual cover crop also acted as a nurse
crop that germinates and grows quickly, keeping soil and supplemental wetland seeds in
place. In addition, a commercial wetland seed mixture with predominantly perennial
plants was applied to the entire site immediately after sediment excavation. This
commercial seed mixture was custom designed to include species found in the paleo-seed
record at this site. Not all species representing the wet meadow herbaceous paleo-seed
record are available from commercial suppliers, so the seed mixture included additional
species indicative of wet-meadow herbaceous plant communities typical for this region.

In the spring of 2012, after as-built contour plans were developed and
groundwater/surface water observations were made for several months, additional native
wetland seed mixtures were applied. In addition, approximately 10,000 commercially
available container grown herbaceous plants, commonly referred to as plugs and
predominantly sedges and rushes typical of tussock forming sedge meadows, were
installed. Some woody species (shrubs and trees) were added to the perimeter of the wet
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meadow, forming a riparian buffer for the restored palustrine emergent wetland (see
Figure A9b). Since that time, no significant planting activities have occurred.
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B. Deliverable 1: Quantify volumes of historic (legacy) sediment in stream
corridor and associated nutrients in sediments.
(Merritts/Walter/Rahnis/F&M Staff)

B.1. Volume of legacy sediment in stream corridor at BSR

During 2004-2011, we examined Pleistocene, Holocene, and historic stratigraphy in stream
cut banks, in the walls of trenches dug with a backhoe, and in cores extracted by

drilling. From these investigations, we determined the elevation of the pre-settlement
valley bottom surface throughout the restoration area. The depth of excavation during
restoration was based on measurements and estimates of these pre-settlement ground
surface elevations in the valley bottom.

This original floodplain surface is a relatively shallow hydric (wetland) soil that merges
along valley margins with older colluvium derived from hillslopes. We distinguished
historic (~1710-1930 AD) sediment in the valley bottom from this older (Pleistocene)
colluvium and from the dark hydric Holocene wetland soil sandwiched between the two.

We estimate the volume of legacy sediment in the restoration reach from the difference
between (1) the ground surface obtained from pre-restoration (2008) lidar, and (2) the
ground surface obtained from a post-restoration (2011) as-built survey done with a total
geodetic station by LandStudies, Inc. (Table B1). This estimate includes only the legacy
sediment removed from the area shown within the black lines in Figure B1.

The red lines in Figure B1 identify the total area of legacy sediment, including unrestored
portions of the study area that are up and downstream. The white dashed lines in Figures
B2 and B3 represent the areal extent of legacy sediment accumulated in the valley bottom
and the construction zone area, respectively. Figures B2 and B3 are provided with two
different types of base maps for viewing.

Table B1. Estimate of amount of legacy sediment excavated (cut) and used to fill low spots in the
valley bottom (fill) during restoration over an area of ~362,748 ft2 (8.3 acres). Sediment also was
used as fill to bring low areas up to design elevation where the stream had cut into the hill slopes
along valley margins.

Cubic ft (ft3) Cubic yards (yd?3)
Legacy sediment removed
(cut) 612,252 22,680
Sediment used as fill 26,352 976
Net sediment removed® 589,900 21,704

“Net = Cut - Fill

These estimates of volume of sediment cut (removed) and used for fill do not take into
account changes in density and volume that might occur as a result of excavation. The
difference in volume between compacted versus loose fine-grained sediment can be as high
as 35%.
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B.2. Nutrients in Sediments Exposed along Stream Banks at Big Spring Run
(Merritts/Walter/Rahnis/F&M Staff)

Introduction

Anthropogenic processes can cause an increase in the discharge of nutrients into fluvial
systems, but the magnitudes of these increases are difficult to predict (Jordan et al., 1997a).
For example, watersheds with greater proportions of agricultural land might discharge
excess N, excess P, or excess N and P (Hill, 1978; Neill, 1989; Mason et al., 1990; Dillon and
Kirchner, 1975; Rekolainen, 1990; Correll et al., 1992; Nearing et al.,, 1993), while some
smaller watersheds show no correlation at all between the proportion of agricultural land
and fluvial discharges of N or P (Thomas et al., 1992). For some larger drainage basins,
nitrate discharge shows little correlation with the proportion of cropland, but is highly
correlated with anthropogenic input from atmospheric deposition, fertilizer application,
cultivation of N»-fixing crops, and net import of agricultural products (c.f., Jordan and
Weller, 1996). It is well known that fluvial discharge of P is more strongly influenced by
erosion rates and transportation distances of fine sediment, rather than by a metric linked
to anthropogenic inputs, such as the application rates of P-rich fertilizer (Vighi et al., 1991;
Jordan et al.,, 1997).

Despite the multitude of nutrient pathways, discharge of both N & P is strongly correlated
with precipitation and to the type of water delivery mechanism that transports each
nutrient from source to sink (Jordan et al., 1997b): (1) Sheet wash and rilling can cause soil
erosion that enhances the transport of particulate-bound P (Dillon and Kirchner, 1975;
Grobler and Silberbauer, 1985): (2) In contrast, infiltration of groundwater enhances
transport of nitrate, which is highly soluble and readily leachable from soils under specific
biogeochemical conditions. For example, groundwater contamination from nitrate (via
nitrification processes) is common beneath well-drained, oxidized soils (e.g., Spalding and
Exner, 1993), whereas nitrate removal (via denitrification processes) occurs in poorly
drained, reduced soils (Gambrell et al., 1975).

Understanding delivery mechanisms and pathways that influence nutrient discharge is
critical to understanding how lakes, estuaries, and coastal waters become degraded by
nutrient inputs (Nixon, 1995, Boesch et al., 2001). Discharge of nitrate to streams is related
to a groundwater delivery mechanism that reflects the leaching potential of soils in the
watersheds, the oxidation state of soils and sediments it encounters during transport, the
hydraulic pathways of groundwater movement (Brenner and Mondok, 1995), and
biogeochemical processes acting on ground and surface water mixing in the hyporheic
zone, where, for example, gradients in redox potential control chemical and microbially
mediated nutrient transformations occurring on particle surfaces. (Boulton et al., 1998).
Such studies shine considerable light on the fact that nitrogen transformations in soils and
sediments can strongly influence the availability of soluble forms of nitrogen available to
ecosystems, and emphasize the importance of understanding nitrogen contents in soils and
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the biogeochemical processes that may cause soluble reactive N to increase or decrease in
surface waters.

B. 2. a. Phosphorus (P)
Systematics

Phosphorus is relatively insoluble, and moves through watersheds primarily by
electrostatic attachments to the surfaces of fine particles via inner and outer sphere
sorption bonds (Brady and Weill, 2008). The processes by which P desorbs and becomes a
free ion in water are complex and incompletely understood: (1) phosphorus occurs
primarily as the P+> cation in soil organic matter and as the PO43 molecule associated with
inorganic matter (i.e., orthophosphate or ortho-P: c.f., Essington, 2003); and (2)
phosphorus chemistry in soils and sediments is strongly influenced by redox potential; (a)
under oxidized conditions, ferric and manganic oxides and hydroxides are important
adsorption sites for P (Moore and Coale, 2000); and (b) under reducing conditions these
minerals are unstable, resulting in dissolution and release of P into the soil solution
(Patrick et al., 1973; Emerson, 1976; Emerson and Widmer, 1978; Boyle and Lindsay, 1986;
Moore and Reddy, 1994).

Background

The transfer of phosphorus from nonpoint-source soils to freshwater bodies and estuaries
contributes to accelerated eutrophication in receiving waterways (Sharpley et al., 1999;
Pierzynski 2000; Bennett et al,, 2001; and Vadas et al., 2005). Nutrient-induced
eutrophication restricts water use for fisheries, recreation, industry, and human
consumption due to increased blooms of undesirable algae and aquatic weeds, followed by
oxygen depletion in bottom waters as this unwanted biomass decomposes. In recent years,
the relative contribution of P from nonpoint sources to surface waters has increased
substantially, as point sources of P have been identified and reduced. Renewed attention on
nonpoint source P has increased the demand for analysis for soil, water, and residual
materials for environmentally relevant forms of P (Pierzynski 2000), and for knowledge
about the methods used in making these determinations.

A practical approach to address nonpoint source P pollution is to: (1) identify nonpoint
source areas in watersheds with high potential for soil-derived P export; (2) quantify the
soil-P export; and (3) assess the ability of management practices to minimize this export
(Coale et al.,, 2002). Part of our monitoring program for the Big Spring Run (BSR)
restoration experiment was to accomplish these three goals by: (a) measuring the forms of
phosphorus in stream bank sediments (Deliverable 1); and (b) documenting the
contribution of P to downstream waterways from stream bank erosion (Deliverable 3&4).
Our working hypothesis was that bank erosion along the Big Spring Run restoration reach
contributed large sediment and sediment-derived P loads to surface waters, and that these
contributing loads would be substantially reduced by removal of the stream bank
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sediments (the impairment) and by the creation of a valley bottom aquatic ecosystems that
will store sediment and process nutrients.

The Big Spring Run watershed, in the temperate Piedmont Physiographic Province, is
underlain by the Cambro-Ordovician Conestoga Formation, a light gray limestone
containing abundant white quartz veins and interbedded with dark gray phyllite. Long-
term weathering of the Conestoga Formation, over the past 50 to 100 million years, yielded
thick residual soils that are composed of quartz fragments (clay to cobble-size) and clay
and colloidal Fe-Mn-Al oxyhydroxides. No silicate clay minerals (e.g., vermiculite or
montmorillinite) have been found in Lancaster County soils above the Conestoga
Formation, indicating the dominance of non-silicate weathering processes. The end
product of long-term weather of the limestone bedrock is a quasi-laterite soil rich in iron,
manganese and aluminum nodules, and residual (lag) quartz fragments ranging from clay-
size particles to boulders. Our research demonstrates that the P in soils at BSR is likely
bound to Fe-Mn oxyhydroxides (Voynova 2006; Weitzman 2008; and Fullinwider 2010),
which are prone to dissolution under reducing conditions (see P Systematics, above).

Analytical Methods

The principle method of P analysis is colorimetry (e.g., Murphy and Riley, 1962).
Colorimetric methods produce sensitive and reproducible results, and lend themselves to
automated analysis (Pierzynski and Sharpley, 2000). Recently, Inductively coupled plasma
(ICP) spectrophotometry has been used for P determination (Pierzynski and Sharpley
2000), but results from ICP analyses are not always comparable to those from colorimetric
methods. [CP measures the total amount of P in the solution, whereas colorimetry
measures only the P that reacts with the color-developing reagent. Typically, ICP values
are higher than colorimetric values measured on the same extractant (Pittman et al., 2005),
suggesting that ICP values are a more accurate representation of the P concentration in the
solution. For this report, we used a combination of colorimetry (via Flow Injection
Analysis, FIA) and spectroscopy, namely Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES) and X-Ray Fluorescence (XRF) to obtain quantitative information
regarding different forms of P present in soils and sediments (see below).

Phosphorus forms in soils and sediments are difficult to standardize (Pierzynski and
Sharpley 2000), due to the variety of disciplines involved (e.g., soil scientists, agronomists,
limnologists, hydrologists, and geoscientists), and the variety of goals and objectives
desired by each discipline. For example, agronomists might be interested in understanding
the concentration of bioavailable P (BAP) in soils in order to determine if the soils need to
be amended to sustain agricultural fields. Geoscientists, on the other hand, might be more
interested in how rocks weather to soils, and the pathways that various minor and trace
elements, such as P, take in the transformation from bedrock and saprolite to residuum and
soil. Therefore, geoscientists might be more interested in the total rock phosphorus (TP,
bound in and on constituent minerals) and how this P gets released during weathering to
become part of the more labile and soluble forms of P in the environment.

To avoid confusion of terms, Pierzynski and Sharpley (2000) recommend using chemical
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identifiers when referring to various forms of P (e.g., water extractable P, Mehlich-3
extractable P, etc.), which have procedures that are well known and clearly defined. In
addition, other terms used to describe and interpret P data (e.g., desorbable P, bioavailable
P, sorbed P etc.) can be used as long as they are clearly defined. The following terms
highlight the complexities in characterizing soil-derived P (modified from Pierzynski and
Sharpley, 2000), and define the forms of P discussed in this report:

Total Phosphorus (TPx) = Total concentration of P in the soil or sediment
(organic and inorganic). (Here measured using XRF lithium tetraborate
fusion methods to obtain all forms of P in the internal structures of soil
minerals and organic compounds, as well as P sorbed onto surfaces of
organic and inorganic compounds.)

Total Sorbed Phosphorus (TPi) = Inorganic and organic P bound to surfaces of
eroded sediment particles. (Here measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES) using a microwave-assisted HNO3
digestion protocol (EPA 3051), which is a partial digestion that liberates
sorbed and environmentally available elements from particle surfaces. This
sorbed TPi is typically 60-70% of TPx, and represents essentially an “infinite”
reserve of labile and water extractable forms of P, as defined below.
Measured TPi concentrations are ca. 2-3 orders of magnitude greater than
measured labile and water extractable forms of P).

Labile P (LP) = Bioavailable ortho-P and a portion of particulate P that is algal
available. (Here measured with FIA colorimetric methods, or by ICP-OES
analyses, using a Mehlich-3 digestion (see Baker 2011).)

Water Extractable P (WEP) = Dissolved inorganic (ortho-P) and organic P.
(Here measure by ICP-OES using a deionized water extraction method.)

Early interests in examining soil P were primarily based on determining the quantity of
supplemental P needed to adequately meet the needs of crops (Self-Davis et al., 2000). The
method for using distilled water as an extractant to determine P needs of plants was
examined in a paper by Luscombe et al. (1979), which - we believe -- is a more realistic
measure of determining the soluble P fraction in soil, and the availability of that soil to
yield soluble P to stream water. There is now a national focus on examining excessive P
buildup in the soil and consequent excessive P concentrations in runoff from agricultural
land. A study conducted by Pote et al. (1996) found an excellent correlation between water
extractable soil test P and dissolved reactive P concentrations in runoff.

Results (Figures 1-29) [File: D1_BSR Stream Bank Nutrients]

Total Phosphorus (TPx)

Table A shows measured concentrations for Total Phosphorus (TPx) in upland agricultural
soils and in valley bottom stream bank sediments at Big Spring Run (see also Figures B5-
B9). Surface soils (0-5 cm depth) from an active pasture yield a TPx concentration of 1792

mg-P/kg-sediment (see Appendix 4 for details of sampling and analytical methods). Note
that TPx concentrations decrease with depth (from 1792 mg/kg at 0-5 cm to 1165 mg/kg
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at >20 cm), presumably due to less biomass with depth, and to the enrichment of manure
and biomass near the soil surface. Phosphorus concentrations (TPx) measured for
limestone bedrock and saprolite yield two key points: (1) the Conestoga Limestone itself is
enriched in phosphorus (ca. 450 mg/kg); and (2) the process of chemical weathering
enriches saprolite in P (ca. 1050 mg/kg) roughly 2.3 times over the bedrock concentration,
suggesting that substantial amounts of P are mobilized during bedrock weathering.

Chemo stratigraphic results from individual stream bank sections (Figure B4) are shown in
Figures B5-B9. The highest TPx concentrations are typically in the upper 20 cm (0-20 cm),
lowest concentrations in mid-section (ca. 20-100 cm), and again increased TPx
concentrations in the lower 20 cm (ca. 120-140 cm). The bulk of stream bank sections (ca.
0-120 cm) are composed of legacy sediments, the upper 20 cm of which is the active root
zone. The abundant biomass in this root zone accounts for its elevated TPx concentrations.
The lower part of these sections (ca. 120-140 cm) are usually composed of dark, buried
hydric soil with high organic matter content, which explains the high P concentrations in
these stratigraphic units (see Sites 1, 2, 4, 5, 8, and 13). Where the hydric soils is absent
(Sites 6, 12, and 14), the sections are composed of recent point bar deposits, dating from
the early 20t C after the milldam on BSR was breached (these point bar deposits contain
occasional historical artifacts such as tractor chains, cement blocks and bricks that date the
deposits to no earlier than the early 20t C). The base of each measured section represents
the base of the Holocene sediment sequence above the basal Pleistocene gravels.

Average Total Phosphorus (TPx) concentrations measured on ten stream bank sections
along the BSR restoration reach yield values ranging from 874 mg/kg (Site 14) to 2792
mg/kg (Site 13), for an average of 1161 +/- 577 mg/kg (Table x). This average
concentration is equivalent P concentrations in the saprolite, and which equates to a mass
of ca. 2.3 pounds of P per ton of stream bank sediment. In terms of area, this average
stream bank sediment value equates to 2321 pounds of phosphorus per acre. Note that the
TPx concentrations for Site 13 are unusually high, with average of 2792 mg/k and with the
highest values reaching concentrations in excess of 7000 mg/kg. We cannot explain these
anomalous concentrations at this time, except to point out that the high P values occur in
the lower part of the section, and might indicate a discrete mass of organic matter that was
subsequently buried by sediment, and is not representative of the se