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Abstract. While eutrophication is often attributed to contemporary nutrient pollution, there is growing evidence

that past practices, like the accumulation of legacy sediment behind historic milldams, are also important. Given
their prevalence, there is a critical need to understand how N flows through, and is retained in, legacy sediments to improve predictions and management of N transport from uplands to streams in the context of climatic
variability and land-use change. Our goal was to determine how nitrate (NO−
3 ) is cycled through the soil of a
legacy-sediment-strewn stream before and after soil drying. We extracted 10.16 cm radius intact soil columns
that extended 30 cm into each of the three significant soil horizons at Big Spring Run (BSR) in Lancaster, Pennsylvania: surface legacy sediment characterized by a newly developing mineral A horizon soil, mid-layer legacy
sediment consisting of mineral B horizon soil and a dark, organic-rich, buried relict A horizon soil. Columns
were first preincubated at field capacity and then isotopically labeled nitrate (15 NO−
3 ) was added and allowed to
drain to estimate retention. The columns were then air-dried and subsequently rewet with N-free water and allowed to drain to quantify the drought-induced loss of 15 NO−
3 from the different horizons. We found the highest
initial 15 N retention in the mid-layer legacy sediment (17 ± 4 %) and buried relict A soil (14 ± 3 %) horizons,
with significantly lower retention in the surface legacy sediment (6 ± 1 %) horizon. As expected, rewetting dry
soil resulted in 15 N losses in all horizons, with the greatest losses in the buried relict A horizon soil, followed by
the mid-layer legacy sediment and surface legacy sediment horizons. The 15 N remaining in the soil following the
post-drought leaching was highest in the mid-layer legacy sediment, intermediate in the surface legacy sediment,
and lowest in the buried relict A horizon soil. Fluctuations in the water table at BSR which affect saturation of
the buried relict A horizon soil could lead to great loses of NO−
3 from the soil, while vertical flow through the
legacy-sediment-rich soil profile that originates in the surface has the potential to retain more NO−
3 . Restoration
that seeks to reconnect the groundwater and surface water, which will decrease the number of drying–rewetting
events imposed on the relict A horizon soils, could initially lead to increased losses of NO−
3 to nearby stream
waters.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Introduction

Anthropogenic alterations of the landscape have impacted
geomorphology and hydrology, with a major new development in eutrophication research recognizing that past land
practices play an important role in the contemporary transfer
of nutrients across landscapes (Renwick et al., 2005; Walter and Merritts, 2008a; Brush, 2009; Sharpley et al., 2013;
Weitzman et al., 2014). Land manipulation has been a staple of agricultural societies, especially since the introduction of ploughing during the Neolithic agricultural revolution (∼ 7500 years ago) (Hoffmann et al., 2007), followed
by the expansion of agricultural land into steeper, forested
upland areas during the medieval period (∼ 1300 years ago)
(Williams, 2000) due to increases in human settlement populations (Larsen et al., 2016). Such land-use practices, in combination with the existence of tens of thousands of milldams
throughout Europe by the 18th century (Downward and Skinner, 2005; Walter and Merritts, 2008a; Bishop and MuñozSalinas, 2013), dramatically altered the European landscape
through increased soil erosion and sediment redistribution
(De Brue and Verstraeten, 2014; Larsen et al., 2016).
Similarly, serving as a case study for the research of this
study, the historic, post-European settlement of the midAtlantic region in the US in the seventeenth and eighteenth
centuries was characterized by rapid anthropogenic landscape modifications, consisting of intense land clearing, deforestation, and the construction of tens of thousands of milldams (Walter and Merritts, 2008a; Merritts et al., 2011).
Pervasive land clearing led to increased sedimentation rates
throughout the Chesapeake Bay watershed (Jacobson and
Coleman, 1986; Brush, 2009), with much of this sediment
being deposited and stored behind small (∼ 2.5–3.7 m high),
valley-spanning milldams (Walter and Merritts, 2008a). Following abandonment in the nineteenth and twentieth centuries, many of these small milldams breached, which led to
stream incision through the previously impounded sediment
column. Subsequent lateral stream propagation can then lead
to lowering of the water table, eventually exposing the former mill pond sediments as a new valley bottom terrace. This
new, post-settlement sediment that overlies the original valley bottom is often referred to as legacy sediment.
Post-settlement modification of the land, typified by accelerated upland erosion and the ubiquitous construction of
milldams, has increased both the rate of sediment input and
the number of sediment sinks within the Piedmont region,
greatly changing the area’s fluvial geomorphology (Renwick
et al., 2005; Walter and Merritts, 2008a). The deposition of
fine-grained legacy sediment throughout the mid-Atlantic region, in particular, has led to the burial of once biogeochemically active riparian valley bottoms (Merritts et al., 2005,
2011; Walter and Merritts, 2008a), which, in turn, has altered
nutrient cycling dynamics at the land–stream-water interface
(Meade et al., 1990; Renwick et al., 2005; Walter et al., 2007;
Walter and Merritts, 2008a; Merritts et al., 2011; Weitzman et
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al., 2014). Legacy sediments introduce two key problems for
water quality. Firstly, erosion of deeply incised, fine-grained
stream banks is a significant non-point source of suspended
sediment and nutrients entrained in the sediment, which can
contribute to contemporary nutrient loading to downstream
waterways (Trimble, 1997; Walter and Merritts, 2008a; Gellis et al., 2009; Gellis and Mukundan, 2013). In the midAtlantic, legacy sediments constitute a substantial volume
of sediment stored in stream corridors (Banks et al., 2010;
Massoudieh et al., 2013; Gellis and Noe, 2013). Lancaster
County, in particular, is recognized as a hotspot for high sediment and nutrient yields to the Chesapeake Bay, with bank
erosion of legacy sediments acting as a major source of these
pollutants (Merritts and Walter, 2003). Secondly, legacysediment-dominated stream banks alter flow paths for water
and dissolved nutrients (Walter and Merritts, 2008a), affecting present-day nutrient transfers from uplands to streams.
The incised, high-banked channels characteristic of legacysediment-strewn streams are interpreted to be fill terraces, as
opposed to floodplains (Walter and Merritts, 2008a), resulting in the distinct physical separation of biogeochemically
active zones (surface soils) from subsurface hydrologic flow
paths. Seasonal drying–rewetting events, largely controlled
by fluctuating water tables, are common in legacy-sedimentimpacted streams and have the potential to impact the release
or retention of nitrogen (N). Given their prevalence throughout the mid-Atlantic region, there is a critical need to understand how N flows through legacy sediments in order to improve predictions and management of N transport from uplands to streams.
Floodplains are known to be active N sinks that can support high N retention in sediments of adjacent water bodies (Forshay and Stanley, 2005; Kaushal et al., 2008b; Harrison et al., 2011). In contrast, legacy-sediment-rich fill terraces have been shown to dampen N removal pathways in
the long-buried relict soils which they overlie, while also
acting as potential sources of nitrate (NO−
3 ) to waterways
(Weitzman et al., 2014). Climate-driven export of N from
watersheds is known to occur (Howarth et al., 2006; Lewis
and Grimm, 2007; Kaushal et al., 2008a, 2010; Duncan
et al., 2015), with N stored during “dry” years or seasons
and flushed from watersheds during “wet” years or seasons.
Such drying–rewetting cycles have been linked to regionwide pulses of high NO−
3 concentrations in tributaries of
the Chesapeake Bay (Kaushal et al., 2010). Climate change
models predict an increase in the variability of precipitation
and hydrologic events, as well as an increase in the intensity
of extreme weather conditions (IPCC, 2013). Specifically, in
the mid-Atlantic region, recent records show increasing rainfall intensities that coincide with the hurricane season in October (Spierre and Wake, 2010; Lu et al., 2015), with climate change models forecasting drier autumns and wetter
winters for the region (Shortle et al., 2015). In addition to
these more extreme precipitation events, longer periods with
no precipitation are expected, with droughts predicted to bewww.soil-journal.net/3/95/2017/
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Figure 1. Stepwise sampling scheme used for soil core collection at Big Spring Run. Five intact soil cores (20.32 cm diameter and 30 cm

length) were collected for each of the three soil horizons of interest (surface legacy sediment, mid-layer legacy sediment, and relict A
horizon soil). Surface legacy sediment cores were collected in one area, then the surface legacy sediment was removed from an adjacent area
to sample the underlying legacy sediment, and then finally the surface and mid-layer legacy sediment were removed from a third adjacent
area to sample the underlying relict A horizon soil.

come worse during the mid-Atlantic summers (Hayhoe et al.,
2007). During such extreme weather events, nutrient retention versus release will impact whether large pulses of NO−
3
are flushed from landscapes to streams in the future (Kaushal
et al., 2010).
While prior research has identified the post-drought NO−
3
pulse in mid-Atlantic streams (Kaushal et al., 2010), the
mechanisms that lead to such NO−
3 pulses have not yet been
characterized. Previous work at Big Spring Run (BSR) in
Lancaster, Pennsylvania, suggests that NO−
3 produced in situ
in surface soils on legacy sediment terraces may not be effectively removed if transported through buried relict soils, with
legacy sediments potentially acting as an important source of
NO−
3 that can be flushed into nearby streams (Weitzman et
al., 2014). However, it is unclear whether carbon-rich relict
soils that are exposed will act as a source or a sink for NO−
3,
especially when further impacted by drought conditions. As
such, our study aims to understand how legacy sediments influence the transfer of NO−
3 from soils to streams by contrasting the dominant geomorphic (soil horizons), climatic
(drought), and cultural (restoration) sources of variation in
NO−
3 retention capacity in legacy-sediment-strewn streams.
Specifically, we focused on the following three questions:
1. Geomorphic: In which soil horizon (surface legacy sediment, mid-layer legacy sediment, or relict A horizon
soil) will initial NO−
3 retention be greatest?
2. Climatic: Which soil horizon will experience the largest
drought-induced NO−
3 flush following sequential leaching?
www.soil-journal.net/3/95/2017/

3. Cultural: Will restoration (i.e., exposure of the bottom
horizon) alter losses in the relict A horizon soil?
We answered these questions by tracing the fate of 15 NO−
3
through intact soil cores extracted from the Big Spring Run
watershed in Lancaster, Pennsylvania.
Decades of research assessing the role of near-stream
ecosystem function have been conducted (e.g., Hill, 1996;
Carpenter et al., 1998) without considering how such zones
were modified by legacy sediment deposition as a consequence of dam building and breaching. Quantifying changes
in N retention among the soil horizons typical of legacy sediment terraces will provide critical information for assessing
sources of N to streams, improving the efficacy of riparian
buffers on legacy sediments, and understanding the effects of
past land use on contemporary N flow from soils to streams.
2
2.1

Materials and methods
Field site

Big Spring Run (BSR) (39◦ 590 N, 76◦ 150 W) is a northwardflowing tributary of Mill Creek in West Lampeter Township, in central Lancaster County, Pennsylvania (drainage
area ∼ 4 km2 ). The BSR watershed is a subbasin of the Conestoga River watershed, which, itself, empties into the Lower
Susquehanna River. The Susquehanna River eventually flows
into the Chesapeake Bay, and provides > 50 % of the freshwater and, as of 2009, 46, 26, and 33 % of the total N,
phosphorous (P), and sediment, respectively, delivered to the
Bay (Chang 2003; USEPA, 2010; PA DEP, 2011). BSR is
typical of many headwater watersheds in the temperate cliSOIL, 3, 95–112, 2017
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mate Piedmont Physiographic Province, which are characterized by low valley slopes (∼ 0.005) and relief (∼ 30 m)
(PA DEP, 2013). Soils in the BSR watershed consist of deep,
silty loams derived from Conestoga limestone (Merritts et
al., 2005). The somewhat poorly drained Newark soil series (Fluventic Endoaquepts) predominates near the legacysediment-strewn stream and gradually grades into the welldrained Pequea soil series (Typic Eutrudepts) in the uplands
(Custer, 1985). Soils utilized in this study were only of the
Newark soil series. A typical Newark profile includes an A
horizon (Ap: 0–23 cm) underlain by B (Bw: 23–38 cm; Bg:
38–81 cm) and C (Cg: 81–152 cm) horizons.
As in many stream banks of the mid-Atlantic Piedmont region impacted by legacy sediment deposition, the soils along
BSR consist of four principle stratigraphic units (see Fig. 1),
which from bottom to top include (1) Pleistocene periglacial
basal gravels that overlay bedrock; (2) buried A horizon soils
that are a relict of presettlement, Holocene soil development;
(3) legacy sediment deposits (post-settlement alluvium and
colluvium) that buried the relict A horizons; and (4) newly
formed A horizon soils that developed in situ on legacy sediment terraces as they were converted to agricultural “bottom
lands” for crops and/or grazing. While previous work classified the long-buried A horizons as relict hydric soils, we find
there is still conflicting evidence as to whether the soils can
be distinctly delineated as hydric. As such, we have decided
to take a more conservative approach and classify the buried
soils as relict A horizons.
The basal gravels are composed of angular to subangular quartz cobbles that directly overlie bedrock of Conestoga
limestone. Evidence suggests that these poorly sorted gravels are derived from Pleistocene periglacial lag deposits that
served to concentrate and direct shallow groundwater flow in
the valley bottom (PA DEP, 2013). The construction of numerous, small beaver dams during presettlement times (Morgan, 1867; Walter and Merritts, 2008b; Brush, 2009), in addition to the flow conditions created by the periglacial lag deposits, likely led to the development of a fluvial wet meadow
environment over the last 10 000 years, during the Holocene
(Merritts, et al., 2005, 2011; Walter and Merritts, 2008a).
Remnants of this presettlement, Holocene valley bottom currently exist at BSR as dark (10 YR 2/1), fine-grained (loam),
organic-matter-rich, 20–50 cm thick relict A horizon soils
above the basal gravels. Similar valley bottoms characterized
by shallow anabranching channels flowing through islands of
low-vegetation wet meadows were once pervasive throughout the mid-Atlantic Piedmont region (Walter et al., 2007;
Walter and Merritts, 2008b; Merritts et al., 2011). These presettlement wet meadows stored large amounts of organic-rich
material but little sediment due to the low, long-term erosion
rates in presettlement times and frequent overbank flow onto
the broad, riparian floodplains (Walter et al., 2007; Walter
and Merritts, 2008b).
Accelerated soil erosion due to post-settlement practices
coincided with the construction of numerous milldams in
SOIL, 3, 95–112, 2017

the mid-Atlantic, with such dams typically spanning entire
valley bottoms of dominantly first- to third-order streams,
rising to heights that averaged 2.5 m (Walter and Merritts,
2008a). These dams created long, linear millpond reservoirs
that flooded the once extensive wet meadow valley bottoms
several kilometers upstream, eventually becoming efficient
sediment retention ponds. The uniform, fine-grain size of
such post-settlement legacy sediments (dominantly silt–clay,
with massive, occasionally horizontal bedding) suggests they
were deposited in very low-velocity waters, characteristic
of slack-water environments (PA DEP, 2006). Such conditions argue against the idea that legacy sediments were deposited as floodplains, as none of the characterizations of
floodplain deposits were observed (i.e., fining-up bed grain
deposits). Furthermore, pollen analysis of pre- and postsettlement deposits at BSR show vegetation consistent with
through-flowing water conditions during presettlement times
versus stagnant, slough-like conditions in post-settlement
times (Merritts et al., 2005; Voli et al., 2009).
At BSR a 3 m high milldam once existed about 2 km
downstream from its headwaters. During the historic, postsettlement period, legacy sediments (∼ 80–100 cm thick)
were deposited on top of the A horizon soil horizon behind
this former milldam. Prior to restoration in September 2011,
a gradient of legacy sediment depth existed at BSR, with sediments thickest near the former milldam and tapering off upstream away from the dam. Following dam breachment at
BSR in the early 20th century, deep channel incision into
the stored millpond sediment led to the formation of highbanked channels, exposing the post-settlement legacy sediment, buried relict A horizon soil, periglacial basal gravels,
and underlying valley bedrock and effectively eliminating
hyporheic exchange between surface water and groundwater (Water and Merritts, 2008a; Merritts et al., 2011; Parola
and Hansen, 2011). A new surface A horizon, ∼ 20 cm thick,
has since developed on top of the historic legacy sediment.
In September 2011 the Pennsylvania Department of Environmental Protection (PA DEP) designated a portion of BSR
as a test site for implementing and monitoring a new best
management practice (BMP) that was specifically targeted at
streams in the eastern US impacted by damming (Hartranft
et al., 2011). This natural aquatic ecosystem restoration design seeks to reestablish the natural function and condition
of the stream, floodplain, and riparian zones within BSR (PA
DEP, 2009). To reconnect the original floodplain hydrology
of the site, legacy sediment was removed throughout a segment of the BSR watershed, exposing the once-buried relict
A horizon soil. Legacy sediment accumulation, and its controlled removal from a portion of the watershed, has been extensively mapped at BSR and, as such, made BSR the ideal
test site for our objectives.

www.soil-journal.net/3/95/2017/
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2.2

Soil column sampling and preparation

In June 2011 we extracted 5 replicate intact soil columns
that extended 30 cm into each of the three significant soil
horizons at BSR (surface legacy sediment, mid-layer legacy
sediment, and relict A horizon soil), resulting in a total of
15 separate intact soil columns. This soil sampling occurred
on a stream bank next to the flowing stream of BSR (< 5 m
from the edge of the high-cut stream bank; what is traditionally the riparian zone). The soil in this area was not cultivated and was characterized by tall grasses that were clipped
close to ground level (to a height of ∼ 2.5 cm above the soil
surface) to facilitate easier soil column extraction. Clipped
grass and its associated roots remained in the surface soil
columns for the leaching experiments. The original sampling
scheme which sought to collect intact soil columns that extended through all three soil horizons was abandoned due
to excessive compaction when cores were > 100 cm. Instead,
∼ 30 cm long Schedule 80 PVC pipe (20.32 cm inner diameter) was pushed into the soil by a 2 Mg drop weight that was
slowly lowered onto the upright PVC pipe. Surface legacy
sediment cores were collected at a depth of 0–30 cm, midlayer legacy sediment cores from a 45–75 cm depth, and
buried relict A horizon soils were collected at a depth of 105–
135 cm. A stepwise sampling scheme was created in order to
sample each of the three significant soil horizons with minimal boundary effects (Fig. 1). A backhoe was used to remove the surface legacy sediment from one section (to sample the underlying legacy sediment) and was used again to
remove the surface and mid-layer legacy sediment from another area (to sample the underlying relict A horizon soil).
The PVC pipes were inserted into the soil using the drop
weight. Once the pipes were in the ground, surrounding sediment was removed and the pipes were tilted to cleanly break
contact between the soil column and the underlying subsoil.
Each column was then inverted and washed sand was poured
into voids created by the separation of the soil at the column
bottom. The sand was covered by nylon drain fabric and then
a PVC disk was inserted and held in place by a PVC cap.
Each PVC cap was outfitted with an outlet port to allow for
leachate collection. The intact soil columns were transported
to Penn State University, where they were maintained in the
upright position at field soil moisture. Soil moisture and temperature were monitored continuously throughout the project
using Decagon 5TM soil moisture and temperature sensors
(Decagon Devices, Inc. Pullman, WA) inserted vertically in
the top 5 cm of soil in each core. Mean volumetric soil moisture when the cores were collected was 33 % for the surface
legacy sediment horizons, 23 % for the mid-layer legacy sediment horizons, and 38 % for the relict A horizon soils.
Each soil column was brought to its respective field capacity by saturating from above with nitrogen-free water and
leaving them to drain for three days. By using a very dilute (0.001 M) solution of potassium sulfate (K2 SO4 ) as a
proxy for nitrogen-free water, the electrolyte concentrations
www.soil-journal.net/3/95/2017/
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expected in natural rainwater could be better mimicked. To
ensure that each soil horizon was sufficiently saturated, each
core was flushed with a total of 12 L of 0.001 M K2 SO4 solution – enough to fill all soil pores in the respective soil horizon twice. Pore space for each soil horizon was estimated
based on bulk density measurements. The addition of such a
large amount of solution caused some ponding on the column
surfaces. As the cores freely drained, leachate was collected
from the outlet ports at the bottom of each core and frozen at
4 ◦ C for future analysis.

2.3

Soil nitrogen retention experiments

Once all soil columns reached field capacity (within 3 days
after the lab saturation) an isotopically enriched solution of
nitrate (15 NO−
3 , 60 % APE or atom percentage excess) was
added to the surface of each column and allowed to drain
freely out of the lowest portion of the column. A total of
12 L of solution, which amounted to double the pore space of
each soil horizon, corresponds to a rain event of ∼ 370 mm,
which is more typical of an extreme rain event, as opposed
to a normal precipitation event. Such an extreme rain event is
more aligned with current climate change models that predict
higher-intensity rainfall events for the region, which could be
followed by drier conditions. The prepared 12 L of solution
was steadily added to the surface of each core in order to ensure complete saturation. This scheme resulted in periods of
ponded water, but all solution eventually drained through the
cores. Leachate was collected from all columns for 15 NO−
3
analysis, as described below. The isotope-spiked solution
−1
added to each soil column contained 5.36 mg NO−
3 –N L
(or about 2 g N m−2 ) made from 60 % APE Ca(15 NO3 )2 .
We selected this trace concentration because our experience
throughout agricultural landscapes of Pennsylvania, and Big
Spring Run in particular (Weitzman et al., 2014), suggested
that this was a typical value for soil water. Using this combination of nitrogen (N) concentration and 15 N enrichment
also ensured that we had added enough 15 N to label soil
and water at detectible levels. When water no longer dripped
from the soil columns a subsample of soil was taken from
each soil column (from the soil surface to the PVC disk;
30 cm depth total) using a 2 cm diameter soil probe. A PVC
pipe (2 cm × 40 cm) was placed in each column to fill the
space created by the sample coring to minimize the alteration of water infiltration and percolation through the soil.
Cores were left to dry for ∼ 1 month, reaching a steady dry
volumetric soil moisture content of < 15 %. This moisture
content represents soils that are nearly air-dry (though the
deeper relict A horizon soils were not as dry at ∼ 17 %),
mimicking field drought conditions. Lastly, 12 L of N-free
water (0.001 M K2 SO4 ) was steadily added to each dry column and the leaching and soil subsampling procedures were
repeated.
SOIL, 3, 95–112, 2017
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Soil analysis

All soil samples were homogenized by hand prior to subsampling for specific analyses. Soil inorganic N concentrations (µg N (g soil)−1 ) were determined on soil subsamples by extracting a 1 : 10 ratio of soil : extractant with potassium chloride (100 mL of 2.0 M KCl) according to standard
procedures (cf. Bremner and Keeney, 1966) and analyzing
via colorimetric analysis on a spectrophotometer microplate
reader. Ammonium (NH+
4 ) concentrations were measured
using the salicylate method (Sims et al., 1995), while nitrate
−
(NO−
3 ) + nitrite (NO2 ) concentrations were determined using the vanadium (III) chloride method (Doane and Horwath,
2003). Concentrations of NO−
2 were assumed to be negligible, so results are reported only as NO−
3 –N concentrations.
Gravimetric water content for each soil was determined
by oven-drying (105 ◦ C) a separate 10 g sieved (2 mm) subsample to constant mass. Dried subsamples of soil were then
ground on a roller mill, rolled in tin capsules, and analyzed
by dry combustion elemental analysis followed by isotope
ratio mass spectrometry at the Boston University Stable Isotope Laboratory to determine the concentration and isotopic
ratio of N within each soil horizon, as well as total soil carbon
(C). The fraction of added 15 N that was retained in the different soil horizons both pre-drought and post-drought was calculated using the following standard mixing equations (Kaye
et al., 2002a, b):
N0 = Na + Nn ,

(1)

N0 ×15 N0 = Na ×15 Na + Nn ×15 Nn .

(2)

Rearranging Eq. (1), and substituting into Eq. (2),
Na = (N0 ×15 N0 − N0 ×15 Nn )/(15 Na −15 Nn ),

(3)

where N0 is the total mass of N in the soil, Na is the mass
of added tracer N in the soil pool, Nn is the mass of native
soil N, 15 N0 is the atom percent (atom %) 15 N in the soil
sample, 15 Nn is the atom % 15 N of the native soil N, and
15 N is the atom % 15 N of the added tracer N. We define
a
atom percent (atom %) as the absolute number of atoms of
15
a given isotope (here
 15N) in100 atoms of the total element;
15
i.e., atom % N = 14 N+N15 N × (100).
2.5

Leachate analysis

Leachates from each treatment were analyzed colorimetri−
cally, as described above, to quantify NH+
4 and NO3 concentrations. A bulk leachate sample was taken for each column and solution treatment following draining. A time series
of leachate samples was also taken following the addition of
the 15 NO−
3 -enriched solution from one column of each of the
soil horizons of interest to determine release of 15 NO−
3 over
time. All leachate samples were sent to the UC Davis Stable
Isotope Facility for 15 NO−
3 analysis in water using the denitrifier method (Sigman et al., 2001; Casciotti et al., 2002).
SOIL, 3, 95–112, 2017

The fraction of added 15 NO−
3 that passed through each soil
horizon in the leached solution was then calculated from the
same standard mixing model principles (Kaye et al., 2002a,
b) as detailed in Eq. (1–3), but where N0 is the total mass of
N as NO−
3 in the bulk leachate, Na is the mass of added tracer
15
N, Nn is the mass of native leachate N as NO−
3 , N0 is the
− 15
15
atom % N in the bulk leachate NO3 , Nn is the atom %
15 N of the native leachate NO− , and 15 N is the atom % 15 N
a
3
of the added tracer N. Similarly, the amount of 15 NO−
3 remaining in the pore water of each soil column was calculated,
with all terms in the standard mixing model the same as those
used to calculate 15 NO−
3 in leachate except for N0 , which in
this case is the total mass of N as NO−
3 in the remaining pore
water of the soil columns.
2.6 15 N recovery vs. retention

Total 15 N recovered was calculated as the sum of 15 N retained in the soil plus 15 N measured in the leachate and 15 N
in the pore water immediately following the addition of the
isotope-labeled solution to the field-capacity soil columns
(i.e., pre-drought), as well as after rewetting and draining
the cores (i.e., post-drought). Thus, recovery of 15 N shows
how much of the added tracer 15 N showed up in the three
main pools that were measured (in leachate vs. pore water in
the soil column vs. soil). Retained 15 N was calculated as the
mass of tracer 15 N found remaining in the soil and pore water
both pre- and post-drought, and thus it refers to any 15 N that
was held in the soil columns (i.e., 15 N in the pore water and
the soil).
The pulsed loss of 15 N following the subsequent rewetting
of the dried soil columns was also calculated for each soil
horizon as the percent decrease in 15 N retention between the
two moisture conditions, as shown in Eq. (4):
15 N pulsed loss from soil = [(15 N

PRE −

15 N
15
POST )/( NPRE )],

(4)
where 15 NPRE is the mass of 15 N retained in the soil and pore
water pools pre-drought and 15 NPOST is the 15 N retained in
the soil and pore water pools post-drought.
2.7

Soil properties

Soil texture and particle size distribution were determined
for each of the three soil horizons of interest by analyzing
subsamples of soil from each intact soil column according
to Kettler et al. (2001). This rapid, simplified method for
evaluating particle size distribution employs a combination
of sieving and sedimentation steps. A 3 % aqueous concentration of sodium hexametaphosphate (HMP; (NaPO3 )n ) was
added to soil samples (< 2 mm) in a 3 : 1 HMP-to-soil ratio
and placed on a shaker for 2 h to allow for the dispersion of
individual soil particles and to aid in the breakdown of soil
www.soil-journal.net/3/95/2017/
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aggregates. Following this dispersal step, sieving and sedimentation procedures were used to fractionate the soil particles into sand, silt, and clay size classes.
Unsaturated hydraulic conductivity was also estimated for
each soil horizon by experimentally determining soil water
retention curve measurements in the laboratory via pressureplate extraction as described by Dane and Hopmans (2002b)
and then fitting the van Genuchten soil hydraulic model (van
Genuchten, 1980) to the experimental data. Soil hydraulic
parameters for the van Genuchten model were estimated using the SWRC Fit program (Seki, 2007), which performs
nonlinear fitting of soil water retention curves to a number
of soil hydraulic models. The program automatically determines all the necessary initial conditions for the nonlinear
fitting, which allows users to simply input soil water retention curve data to obtain estimated hydraulic parameters. Saturated hydraulic conductivity values for the model were determined based on USDA soil texture classes and porosity
calculated from bulk density measurements (Rawls et al.,
1998). Undisturbed soil samples (enclosed in metal rings of
5 cm diameter and 2.5 cm height) were collected from the intact soil columns following the drying–rewetting experiment.
The soil samples, retained in the metal rings, were placed
on wet porous ceramic plates and equilibrated at 6, 10, 33,
100, and 200 kPa in a pressure-plate extractor (Soilmoisture
Equipment Corp., Santa Barbara, CA). Two replicates were
used for each soil layer and pressure step.
2.8

Statistical analyses

Repeated-measures analysis of variance (ANOVA) was carried out in Minitab 17.1 (Minitab Inc., State College, PA)
to examine the differences in measured properties, including
15 N retained in the soil, 15 N leached through the soil, 15 N remaining in the pore water of the soil, total soil C and N, soil
+
−
+
extractable NO−
3 and NH4 , leached NO3 and NH4 through
15
the soil, total volume of leachate, and δ N with time (predrought and post-drought, with field capacity included for
only some properties) and across the three main soil horizons of BSR (surface legacy sediment, mid-layer legacy sediment, and relict A horizon soil). All data were checked for
normality, homoscedasticity, and outliers and transformed
when necessary prior to carrying out ANOVAs. Specifically,
data corresponding to 15 N retained in the soil pre-drought
were natural-log transformed, as were pre-drought and postdrought total C and N data, pre-drought soil leached NO−
3,
and pre-drought and post-drought leachate volume drained.
Soil horizon, time of sampling (pre-drought or post-drought),
and the interaction term between the two were used as factors in the repeated-measures ANOVA model. When main effects or interactions were found to be significant (α = 0.05),
data were further analyzed by a one-way ANOVA, and a
Tukey’s honest significant difference (HSD) post hoc test
(with 95 % confidence limits) was used to compare differences across the specific soil horizons and/or sampling conwww.soil-journal.net/3/95/2017/
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ditions. A paired t test was used to compare both 15 N retention and 15 N leaching values pre-drought versus post-drought
for each of the three soil horizons of interest at BSR, to determine if pulsed losses of NO−
3 were significant. Since the
number of sample pairs in each comparison was low (< 30),
differences were checked for normal distribution. Bulk density, porosity, and particle size distribution classes (sand, silt,
and clay) were analyzed using standard one-way ANOVAs
across the three soil horizons.
3
3.1

Results and discussion
Soil properties

Water retention, which relates to a soil’s ability to store water,
and hydraulic conductivity, which is the measure of a soil’s
ability to transmit water, are the two main soil properties that
determine the behavior of a soil’s water flow system (Klute
and Dirksen, 1986). These two hydraulic properties are primarily dependent upon the particle size distribution of the
soil, and the structure of these particles (Klute, 1986; Rawls
et al., 1991; Wösten et al., 2001). Organic matter content,
which can impact both soil structure and adsorption properties (Rawls et al., 2003), can also affect the water retention function of a soil, and in turn the hydraulic conductivity, which is a function of the soil water content (Klute and
Dirksen, 1986). Both the newly developing A horizon soil of
the surface legacy sediment horizon and the underlying, midlayer legacy sediment horizon have silt loam textures (Table 1), with statistically similar particle size distributions, being composed of ∼ 10–12 % sand, ∼ 73–76 % silt, and ∼ 12–
15 % clay. The buried relict A horizon soils have a textural classification of loam, with significantly higher sand (at
∼ 28–38 %) and lower silt (at ∼ 46–50 %) contents than the
upper two legacy sediment horizons. The mid-layer legacy
sediment horizon had greater mean bulk density than both
the surface legacy sediment and relict A soil horizons, which
corresponded to a lower calculated porosity as compared to
the other two horizons (Table 1).
Soil water retention curves relating experimentally measured soil volumetric water content and soil water potential for the three soil horizons at BSR (Fig. 2a) were similar
for the surface and mid-layer legacy sediment horizons, with
the mid-layer legacy sediment horizon having slightly higher
soil volumetric water contents across the different soil water potentials. Though both the upper soil horizons had the
same silt loam texture, the mid-layer legacy sediment horizon
had a greater mean bulk density and lower porosity, as compared to the surface legacy sediment horizon. As such, the
mid-layer legacy sediment horizon likely has a higher volume of smaller pores that can hold water more tightly, which
equates to a higher soil volumetric water content between −6
and −1500 kPa of tension. The relict A horizon soil showed
the highest soil volumetric water content at the higher soil
water potentials (i.e., less negative, in the range of −1 to
SOIL, 3, 95–112, 2017
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Table 1. Bulk density, porosity, texture, and particle size distribution classes (sand, silt, and clay) expressed as averages across soil depths

(surface legacy sediment, mid-layer legacy sediment, and relict A horizon soil). Values are means (n = 8 for bulk density and porosity, and
n = 5 for organic matter content and particle size classes) and 1 standard error in parentheses. Bulk density and organic matter content values
reproduced from Weitzman et al. (2014).
Depth1

Surface legacy
Mid-layer legacy
Relict A horizon

Bulk
density
(g cm−3 )

Porosity2

Organic
matter
( %)

Sand
( %)

Silt
( %)

Clay
( %)

Texture

0.78 (0.02)a
1.06 (0.05)b
0.76 (0.09)a

0.70 (0.01)a
0.59 (0.02)b
0.71 (0.04)a

4.25 (0.30)a
3.49 (0.21)b
4.84 (1.77)ab

12 (0.4)a
11 (0.5)a
33 (5)b

73 (0.9)a
76 (1.2)a
48 (1.9)b

14 (0.6)
13 (0.9)
18 (4.9)

Silt loam
Silt loam
loam

1 For each given property, values with different superscript lowercase letters represent statistically significant (P <0.05) differences among soil
horizons. 2 All three soil horizons had a particle density of 2.6 g cm−3 as determined via a gas pycnometer by Merritts et al. (2010).

Figure 2. (a) Soil water retention curves relating experimentally
measured soil volumetric water content and soil water potential and
(b) hydraulic conductivity curves derived from the van Genuchten
soil hydraulic model for the three soil horizons of interest (surface
legacy sediment, mid-layer legacy sediment, and relict A horizon
soil) at Big Spring Run.

−100 kPa), where soil structure predominately influences the
shape of the soil water retention curve. Organic matter content is greater in the deeper relict A horizon soils (Table 1),
possibly explaining the initially high soil volumetric water
contents at high soil water potentials. Below −100 kPa the
relict A horizon soils hold less water than the surface and
mid-layer legacy sediment horizons, likely due to the greater
influence soil texture exerts at such lower soil water potentials (Dane and Hopmans, 2002a).
Soil hydraulic parameters were determined by fitting the
soil water retention data to the van Genuchten soil hydraulic model (Table 2). Saturated hydraulic conductivity
(Ks ) values for the BSR soil horizons (Table 2) were obtained from Rawls et al. (1998), who used over 900 reported measurements to assemble Ks classification tables according to USDA soil texture classes and calculated porosity values. The soil hydraulic parameters and saturated hydraulic conductivity values were used to generate a plot of
hydraulic conductivity versus soil water potential for the
three soil horizons, representing both saturated and unsaturated flow (Fig. 2b). Soil water potentials at, or near zero,
typically characterize the saturated flow region, while those
lower than −10 kPa typically characterize the unsaturated
flow region. The estimated saturated hydraulic conductivity
SOIL, 3, 95–112, 2017

(Table 2) (i.e., at a soil water potential of 0 kPa) was the same
for both the surface and mid-layer legacy sediment horizons.
However, as the soil water potential levels decrease (corresponding to lower moisture contents) the hydraulic conductivity of the mid-layer legacy sediment horizon drops below the values of the surface legacy sediment horizon. This,
again, can be explained by the different mean bulk densities
and porosities of the two upper soil horizons. The surface
legacy sediment horizon likely contains more large pores that
are water-filled when the soil water potential is high, but most
of these will have been emptied by the time the soil water potential becomes very low, at about −100 kPa. Thus, at lower
soil water potential values the hydraulic conductivity of the
mid-layer legacy sediment horizon becomes greater than the
surface legacy sediment horizon, probably due to the presence of a higher proportion of small pores that are still waterfilled. The relict A horizon soil had the overall lowest hydraulic conductivities, both in the saturated and unsaturated
flow regions. Higher organic matter content in the relict A
horizon soil may explain its lower bulk density. Further, its
low bulk density indicates that the horizon is likely a wellsorted soil, composed of grains of similar size, and though it
has the highest percentage of sand, the low hydraulic conductivities at higher soil water potentials (higher moisture
contents) suggest that the sand is more fine-grained than that
found in the two upper soil horizons.
Along a legacy-sediment-strewn stream channel, like
BSR, where the surface water and groundwater are disconnected, unsaturated flow will largely control water movement. The water table at BSR tends to fluctuate near the
boundary between the buried relict A horizon soil and the
basal gravels, with saturated conditions likely only occurring
during high-intensity precipitation events due to a rising water table or the infiltration of water into the surface legacy
sediment horizon and its subsequent percolation through the
soil profile. The mid-layer legacy sediment, which has the
greatest hydraulic conductivity at low soil water potentials,
could potentially continue to contribute to unsaturated flow
long after it has stopped in the surface legacy sediment and
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Table 2. Soil hydraulic parameters∗ derived from soil water retention curves fitted to the van Genuchten soil hydraulic model (van

Genuchten, 1980) using the SWRC Fit program (Seki, 2007) for each soil depth (surface legacy sediment, mid-layer legacy sediment,
and relict A horizon soil).
Depth
Surface legacy
Mid-layer legacy
Relict A horizon

Ks
(cm h−1 )

θs
(cm3 cm−3 )

θr
(cm3 cm−3 )

α
(cm−1 )

m

n

1.44
1.44
0.39

0.34
0.37
0.44

0.19
0.03
0.12

0.17
0.17
0.17

0.31
0.11
0.29

1.46
1.13
1.41

∗ K – saturated hydraulic conductivity obtained from Rawls et al. (1998) (from classification by USDA soil texture
s
classes and porosity); θs – saturated soil water content; θr – residual soil water content; α , m, and n – curve-fitting

parameters.

relict A soil horizons. This suggests that though it has the
potential to retain the greatest amount of 15 NO−
3 , the mid15
layer legacy sediment horizon could leach more NO−
3 over
time. The excess 15 NO−
could
either
be
lost
laterally
to the
3
stream or via vertical transport into the buried relict A horizon soil that has low microbial activity (Weitzman et al.,
2014), where there is little potential for immobilization or
denitrification. However, though the three soil horizons each
showed a range of hydraulic conductivities over varying soil
water potentials, all were < 1.5 cm h−1 under saturated flow
conditions, which corresponds to a flow rating of slow to
moderately slow (Hazelton and Murphy, 2007). During unsaturated flow, which is the more typical flow regime at BSR,
the hydraulic conductivities are categorized as very to extremely slow (Hazelton and Murphy, 2007). The water movement through the soils at BSR is of such a slow rate that it
is unlikely that the high NO−
3 leaching is caused by a hydrological bypass effect (i.e., preferential flow). This suggests
that the relict A horizon soil core for which the release of
15 NO− versus native NO− over time was analyzed (men3
3
tioned above) likely experienced artificially created preferential flow. The slow measured hydraulic conductivities further
provide evidence that the low NO−
3 retention ability of the
BSR soils is due to the manifestation of N saturation conditions as opposed to too short of an interaction time with soil
particles (i.e., hydrological bypass).
3.2

Figure 3. Amount of tracer 15 N (as 15 NO−
3 ) ( %) recovered in the

soil (black bars), leachate (white bars), and pore water (gray bars)
pools pre-drought and post-drought. Vertical bars denote 1 standard
error of the mean for the total of the three pools combined (n =
5). For a given sampling time (i.e., pre-drought or post-drought)
different letters above the standard error bars represent statistically
significant (P <0.05) differences in the total recovery of 15 N (i.e.,
soil + leachate + pore water) across soil horizons. For a given 15 N
pool (i.e., soil or leachate or pore water) and sampling time (i.e.,
pre-drought or post-drought) different letters represent statistically
significant (P <0.05) differences across soil horizons.

Soil nitrogen dynamics

Total recovery of applied 15 N (sum of soil, leachate, and
pore water 15 N pools; Fig. 3) in pre-drought soils was significantly different among the three soil horizons (P <0.01),
with a total recovery of 63 % in the surface legacy sediment
horizon that was significantly lower than the total recovery
of 92 % in the mid-layer legacy sediment horizon and 96 %
in the relict A soil horizon. While extraction efficiencies are
never 100 % due to unexplained abiotic and biotic processes
that can rapidly consume 15 N immediately following isotope
addition (Davidson et al., 1991; Hart et al., 1994), extraction
efficiencies for 15 NO−
3 typically range from 90 to 95 % (Norton and Stark, 2011). The lower total recovery of tracer 15 N
www.soil-journal.net/3/95/2017/

in the surface legacy sediment horizon of BSR is likely due
to a number of processes that were not measured, including
possible gaseous losses of 15 NO−
3 via denitrification or nitrification (Morier et al., 2008; Templer et al., 2012) or translocation of N through plant roots or fungal hyphae (Rütting et
al., 2011).
Retention of applied 15 N tracer in the soil and pore water
pools combined was not significantly different among soil
horizons (P >0.05) for either pre- or post-drought conditions
(Fig. 4). However, when the two pools were analyzed separately, 15 N retention in the soil pool was found to be statistically significant for the three soil horizons both pre- and
SOIL, 3, 95–112, 2017
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post-drought, while 15 N retention in the pore water pool was
not found to be statistically significant across soil horizons
or moisture conditions (Fig. 4). In field-capacity soils predrought, both the mid-layer legacy sediment and relict A
horizon soils retained a significantly higher percent of added
15 NO− than the surface legacy sediment horizon. Overall,
3
the mid-layer legacy sediment horizon had the highest initial
(i.e., pre-drought) soil 15 N retention at 17 %, followed by the
relict A horizon soil with 14 % and lastly the surface legacy
sediment horizon with 6 % retention. A paired t test revealed
that soil 15 N retention was significantly lower (P <0.01)
post-drought as compared to the initial field-capacity soils
pre-drought, with a decline in soil 15 N retention in all three
soil horizons over this time. Though mid-layer legacy sediments showed the greatest soil 15 N retention post-drought,
it was a fairly small amount, with only 3 % of applied 15 N
tracer still being held in the soil. Surface legacy sediments
had a similar soil 15 N retention capacity of 2 % post-drought,
while relict A horizon soils retained almost none of the 15 N
that it initially held – only 0.8 % of the originally applied
tracer amount. The decline in 15 N retained in the soil and
pore water pools combined following the sequential leaching event post-drought represents a pulsed loss of NO−
3 from
the soil. This loss was largest in the relict A horizon soil,
where 90 % of the 15 N tracer initially held in the soil columns
was released upon rewetting of the dry soil. The surface and
mid-layer legacy sediment horizons had large pulsed losses
of 15 N as well, releasing 69 and 59 % of the originally retained tracer, respectively.
Losses of 15 N as leachate significantly exceeded the
amount of 15 N that was retained in the soil and pore water
in all three horizons at BSR (P <0.01) (Fig. 3). The midlayer legacy sediment and relict A soil horizons had statistically similar leaching losses of 15 N pre-drought, with 66 and
69 % lost, respectively. While 15 N lost as leachate was found
to be lower in the surface legacy sediment horizon, as compared to the other two horizons, it was still a large amount
−
at 50 %. Release of 15 NO−
3 versus native NO3 over time in
pre-drought leachate for one core for each of the three soil
horizons showed the expected isotope-mixing trend of higher
15 NO− values (atom %, Fig. 5a) corresponding with lower
3
−1
native NO−
3 values (mg L ) and vice versa. Though only
one core per soil horizon was analyzed for 15 NO−
3 release
over time, we interpret and discuss the release curves as being representative of each of the three soil horizons at BSR
given that the replicate cores for each soil horizon of interest showed similar NO−
3 leaching trends over time (Fig. S1
in the Supplement). Early in the leaching nearly all of the
N leached from surface and mid-layer legacy sediment horizons was native N (very low atom % 15 N), while the relict
A horizon soil had about two thirds native N and one third
added N. Later in the leaching event, almost all of the N in
leached solution had come from the added 15 NO−
3 , as indicated by the atom % near 60 (i.e., the enrichment level of
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Figure 4. Amount of tracer 15 N (as 15 NO−
3 ) ( %) retained in the

soil (black bars) and pore water (gray bars) pools pre-drought and
post-drought. Vertical bars denote 1 standard error of the mean for
the two pools combined (n = 5). Retention of 15 N was not found
to be statistically significant among soil horizons when the two
pools were combined. However, for a given pool and sampling time
different letters represent statistically significant (P <0.05) differences across soil horizons. The average pulsed loss of 15 N (%)
from each soil horizon signifies the percent decrease in 15 N retention (soil + pore water pools combined) between the two moisture
conditions (pre-drought and post-drought).

the added 15 NO−
3 tracer). The high concentrations of native
NO−
that
are
not
immediately replaced by 15 NO−
3
3 in the surface legacy sediment horizon of BSR suggest that NO−
3 may
be sitting in the water column (as is confirmed by the 15 N in
pore water data), and thus high concentrations may be easily flushed from the surface legacy sediment horizon after
small precipitation events. Only as the levels of native NO−
3
decrease does 15 NO−
3 begin to be released from the surface
legacy sediments, indicating that larger and longer precipitation events (i.e., saturated conditions) are needed in order to
release any newly added NO−
3 inputs. The early detection of
15 NO− in the leachate from the relict A horizon soils, on the
3
other hand, may reflect some influence of preferential flow,
either natural or created during coring and column construction. If the pattern is representative of the relict A horizon soil
and not an artifact of laboratory conditions, then early detec−
tion of 15 NO−
3 suggests that some NO3 added to the relict
A soil horizon may be quickly lost due to short interaction
time with soil particles. Initial NO−
3 concentrations leached
from the mid-layer legacy sediment and relict A horizon soils
were much lower than in the surface legacy sediment horizon
(Fig. 5b), which is in agreement with the initially higher soil
retention rates found for these two horizons (Fig. 4).
Post-drought, 15 N leachate losses in the three soil horizons were lower than found pre-drought, as shown by a
www.soil-journal.net/3/95/2017/
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−
Figure 5. Time series release curves depicting the release of leachate (a) 15 NO−
3 and (b) NO3 over time from one soil column of each of

the soil horizons of interest (surface legacy sediment, mid-layer legacy sediment, and relict A horizon soil) during pre-drought conditions.
Atom % values in (a) should be interpreted in relation to the added 15 N tracer, which had a value of 60 atom %.
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−
+
Table 3. Total soil carbon, total soil nitrogen, soil extractable ammonium (NH+
4 –N), soil extractable nitrate (NO3 –N), soil NH4 –N leached,

15
soil NO−
3 –N leached, and δ N expressed as averages of 30 cm sample soil horizon segments across soil depths (surface legacy sediment,
mid-layer legacy sediment, and relict A horizon soil) and sampling time (field-capacity vs. pre-drought vs. post-drought samples – 15 NO−
3
tracer added after field-capacity measurements) expressed. These means (and 1 standard error in parentheses; n = 5 for each depth and
sampling time) represent mass per unit area measured on fresh soils.

Depth2
Sampling
time1
Total soil C

Total soil N

Soil extractable
NH+
4 –N
Soil extractable
NO−
3 –N

Pre-drought
Post-drought

Surface
legacy

Mid-Layer
legacy

Relict A
horizon

3501 (70)a

g m−2
3373 (296)a
3152 (50)a

6999 (461)b
7796 (1177)b
646 (44)b
772 (108)b

3768 (188)a

Pre-drought
Post-drought

426 (15)a

g m−2
351 (34)a
354 (7)a

Pre-drought
Post-drought

0.51 (0.02)ab
0.86 (0.35)

g m−2
0.27 (0.01)a
0.50 (0.12)

1.33 (0.39)b
1.07 (0.23)

4.01 (0.39)
2.80 (0.56)

g m−2
3.59 (0.66)
2.24 (0.10)

3.53 (0.28)A
2.10 (0.19)B

g m−2
0.00 (0.00)a
0.00 (0.00)
0.01 (0.00)

0.03 (0.01)b
0.04 (0.01)
0.01 (0.00)
1.30 (0.24)c
1.73 (0.10)
1.20 (0.10)b

Pre-drought
Post-drought

406 (6)a

Field capacity
Pre-drought
Post-drought

0.02 (0.01)ab

Soil
NO−
3 –N
leached

Field capacity
Pre-drought
Post-drought

6.80 (0.25)a,A
2.66 (0.58)a,B

g m−2
3.15 (0.47)b,A
1.71 (0.17)B
0.71 (0.16)b,B

Total volume
Leached

Pre-drought
Post-drought

10.32 (0.11)A
8.16 (0.68)B

L
10.50 (0.12)A
7.46 (0.66)B

10.00 (0.35)
8.70 (0.85)

δ 15 N

Initial3
Pre-drought
Post-drought

+7.11 (0.20)a,A
+53.15 (5.98)a,B
+20.29 (2.63)a,A

‰
+5.66 (0.38)a,A
+159.91 (23.16)b,B
+33.32 (3.57)b,A

+3.65 (0.52)b,A
+72.43 (10.86)a,B
+6.64 (1.18)c,A

Soil
NH+
4 –N
leached

0.00 (0.00)
0.01 (0.00)

2.43 (0.65)B

1 For a given sampling time, values with different superscript lowercase letters represent statistically significant (P <0.05)
differences with depth. 2 For a given depth, values with different superscript uppercase letters represent statistically significant
(P <0.05) differences with sampling time. 3 Initial δ 15 N values are based on soil samples collected from stream banks in September
2010 which were discussed in Weitzman et al. (2014).

paired t test (P <0.05). This is not surprising, however,
given that > 50 % of the originally applied 15 N had already
been leached from the soils before the drought treatment
was imposed. The leached 15 N pool accounted for 77 % of
the pulsed loss of 15 N from the relict A horizon soil postdrought. Such leaching losses of 15 N, however, could only
account for 50 and 44 % of the pulsed 15 N loss that occurred
in the surface and mid-layer legacy sediment horizons, respectively. We cannot rule out that the remaining portion of
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lost 15 N was released from the soil via dissolved organic N
desorption or gaseous losses that were not measured. Nor can
we quantitatively assess whether the 15 NO−
3 measured in the
leachate solutions passed straight through the soil core systems untransformed or whether the 15 NO−
3 underwent rapid
15
assimilation and remineralization. If NO−
3 is assimilated to
an organic form, and this 15 N-labeled organic form is then
remineralized, nitrified, and flushed from the system, it will
−
15
impart the same 15 NO−
3 signature as untransformed NO3
www.soil-journal.net/3/95/2017/
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(Curtis et al., 2011). This assumes that little of the 15 N label was retained in more stable pools of organic N, which
is consistent with our results. However, past work has shown
that microbial activity, especially in the mid-layer legacy sediment and relict A soil horizons, is low (Weitzman et al.,
2014). This suggests that NO−
3 assimilation–remineralization
processing is not likely occurring in these deeper soils at
BSR; rather, newly deposited NO−
3 is probably transported
through the subhorizon soil system unaltered.
Losses of N can occur when inputs exceed the maximum
net N sink size of the system (capacity N saturation) or when
input rates exceed net retention rates (kinetic N saturation)
(Lovett and Goodale, 2011). Leaching of N as NO−
3 , in particular, suggests that biological sinks for NO−
are
too small
3
or too slow relative to the size or speed of the leached pool to
prevent losses. There is evidence that NO−
3 can be retained
in soils over short timescales (seconds to minutes) (Davidson et al., 2003; Fitzhugh et al., 2003; Corre et al., 2007),
with transformations between inorganic and organic N forms
also occurring rapidly (hours to days) (Lewis et al., 2014;
Weitzman and Kaye, 2016), even in soil systems with short
hydrological retention times and low organic matter contents
(Campbell et al., 2002; Wynn et al., 2007). The low initial
15 N retention in the soil for all three horizons of interest, especially in the surface legacy sediment horizon, which initially retained only 6 % of the applied tracer, suggests that
the soil may already be near C and N saturation from a mineral protection perspective (Schmidt et al., 2011; Castellano
et al., 2012). The increased direct loss of NO−
3 via leaching in the three soil horizons may also be an indicator of N
saturation. The relict A horizon soils had the largest C and
N pools (Table 3), and if the mineral particles are close to
saturation with organic matter, then coupled C and N saturation theory suggests that they could retain less N inputs
(Castellano et al., 2012). While the work of Cleveland and
Liptzin (2007) suggests that co-saturation of C and N occurs in soils with C : N ratios around 14 and the soils of BSR
have C : N in the range of 9–10, prior findings at BSR have
shown that the relict A horizon appears to be inefficient at
utilizing new C inputs (Weitzman et al., 2014). Thus, while
the amount of C present in the soils of BSR appears to be
sufficient to support N immobilization, the fact that the soil
horizons cannot utilize new C inputs well suggests that they
function more like C-saturated soils, which can impact N retention. Furthermore, preferential uptake of NH+
4 relative to
−
NO−
may
also
inhibit
NO
uptake
or
immobilization
(Ren3
3
nenberg and Gessler, 1999; Bradley, 2001; Emmett, 2007).
Concentrations of soil extractable NH+
4 are much lower than
concentrations of soil extractable NO−
3 in all three soil horizons (Table 3), which could be due to greater uptake of NH+
4
or adsorption of NH+
4 onto clay particles in the soil. Potential nitrification rates were also previously found to be
low for both the mid-layer legacy sediment and relict A soil
horizons at BSR, likely due to the low potential activity of
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NH+
4 oxidizer communities (Weitzman et al., 2014). Taken
together these data suggest that low NO−
3 uptake, rather than
enhanced nitrification, may be responsible for the large NO−
3
leaching losses measured in the two subsurface soil horizons
at BSR.
High stream discharge rates coupled with an increasing
water table during storm events at BSR could also be a factor
impacting NO−
3 uptake. Such conditions have been shown
to decrease subsurface groundwater mixing and groundwater residence time (Grimm et al., 2005), which lessens the
time over which microbes can react with available NO−
3 and
consume dissolved oxygen and dissolved organic C (Baker
et al., 2000), ultimately decreasing the potential for NO−
3
transformation (Kaushal et al., 2008b; Mayer et al., 2010). A
positive relationship between in situ mass removal of NO−
3
and groundwater residence times was found for Minebank
Run, a geomorphically degraded urban stream near Baltimore, Maryland (Kaushal et al., 2008b). In contrast to BSR,
however, the subsurface sediments of Minebank Run were
microbially active and had a high capacity to remove NO−
3
via denitrification (Kaushal et al., 2008b). It was proposed
that this was likely due to low subsurface water flow rates
and a low water table, which together increased contact time
between the groundwater and the microbially active subsurface sediments (Dahm et al., 2003; Kaushal et al., 2008b;
Mayer et al., 2010).
4

Conclusions

Contrasting the dominant sources of variation in NO−
3 retention capacity in the soils of BSR revealed three key results:
1. Geomorphic: Surface legacy sediment horizons do not
retain excess NO−
3 inputs well.
2. Climatic: Exposed relict A horizon soils experience the
largest drought-induced NO−
3 flush following sequential
leaching.
3. Cultural: Restoration that hydrologically reconnects the
stream to its floodplain via legacy sediment removal
may lead to an initial decrease in NO−
3 retention capacity.
Low initial soil 15 NO−
3 retention (< 17 %) in all three soil
horizons (surface legacy sediment, mid-layer legacy sediment, and relict A horizon soil) that was largely balanced
by high 15 NO−
3 recovery in soil leachate material suggests
that the soils of BSR are already NO−
3 saturated and, more
specifically, are characterized by kinetic N saturation. The
soil horizons are still active, as shown by their ability to retain some N inputs, but the large, simultaneous loss of N via
NO−
3 leaching suggests that the input rates of new N are exceeding the soils’ total sink strength. However, without the
addition of a biologically inert tracer, such as bromide, to
SOIL, 3, 95–112, 2017
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the soil columns, the relative contributions of physical versus biological processes to NO−
3 retention could not be distinguished. While low hydraulic conductivity values indicate
that rapid transport of NO−
3 through the soil profile is unlikely, a tracer or dye would have been useful for understanding the full influence of preferential water flow, which may
have been favored in light of the mechanical extraction of the
soil columns.
Evidence of NO−
3 flushing following the rewetting of dry
soil, which was especially large in the mid-layer legacy sediment and relict A soil horizons, suggests that a fluctuating
water table that causes saturation from the relict A horizon
soil upward could potentially release stored NO−
3 into the
nearby waterway. Overland flow that occurs when surface
soils are saturated could also similarly result in a large flush
of NO−
3 being added to the stream. There is less of a concern that NO−
3 will be released when surface soils are rewet
from above (i.e., following a rain event), because NO−
3 storage in the surface legacy sediment is low and slow percolation through the soil profile of surface losses of NO−
3 could
be counterbalanced by the higher retention capacity of the
mid-layer legacy sediment horizon below.
Restoration that exposes the relict A horizon soil by removing the overlying legacy sediment seeks to increase
groundwater–surface-water interaction, which could potentially lead to higher NO−
3 retention over the long term. Reconnecting the two major sources of water at BSR could lead
to a decrease in drying–rewetting cycles experienced by the
relict hydric soil. As such, a constant, slow flow of water over
the relict hydric soil could promote denitrification as NO−
3rich surface water interacts with the C-rich soil under reducing conditions. However, the short-term response to restoration efforts, as reflected in our data, may cause initially high
NO−
3 losses due to increased soil disturbance to the relict A
horizon soil, as well as the removal of the mid-layer legacy
sediment horizon, which showed a greater retention capacity for NO−
3 . The flow velocity of surface and groundwater
could also potentially change as they adjust to the new surface level, impacting nutrient uptake rates (Wollheim et al.,
2001; Stanley and Doyle, 2002). It is likely the flow rates
would increase, which in turn could promote further kinetic
saturation conditions in the exposed relict A horizon soil,
−
with the NO−
3 input rates exceeding the NO3 retention rates.
However, after a period of time, it is predicted that the relict
hydric soil will be exposed to new C inputs and microbial
communities via the reconnection of the groundwater and
surface water, which should stimulate higher denitrification
and NO−
3 immobilization. It will be important to continue to
monitor changes in NO−
3 production and losses at BSR following restoration to determine if the newly exposed relict
A horizon soils will ever become more biogeochemically active, like non-buried surface A horizon soils. Investigating
other N loss pathways that may become more predominant
in the restored wetland, like nitrous oxide fluxes, will also be
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necessary in order to fully understand the efficacy of restoration efforts based on the removal of legacy sediments at BSR.
While our findings suggest that NO−
3 retention in the legacy
sediment of BSR is low, it is not clear whether this pattern
is true of all sites similarly impacted by milldam sediments.
Further research at multiple sites impacted by milldam sediments will be needed to better parse whether low NO−
3 retention found in legacy sediments is specific to the BSR site
or whether it is characteristic of all sites similarly impacted
by legacy sediments.

Data availability. The data that support the findings of this study

are available by request from the corresponding author (Julie N.
Weitzman). The data are not yet publicly available because they are
being utilized in other current studies.

The Supplement related to this article is available online
at doi:10.5194/soil-3-95-2017-supplement.

Author contributions. Julie N. Weitzman was the lead researcher

on this study, performing data collection and analysis, drafting the
paper, and helping to conceive of the experimental design and secure funding. Jason P. Kaye helped with the conception of the experimental design and securing funding, critically revised the paper,
and provided mentoring throughout the study.

Competing interests. The authors declare that they have no con-

flict of interest.

Acknowledgements. We thank Terry Troutman, David Otto, and

the field crew of the USDA-ARS Pasture Systems and Watershed
Management Research Unit for their assistance with soil column
construction and sample collection. This work was supported by
the United State Geological Survey (USGS) 104B Grant administered by the Pennsylvania Water Resources Research Center
(PA-WRRC) under grant no. 2011PA156B. Julie N. Weitzman also
received support from the USDA-NIFA pre-doctoral fellowship
program (2015-67011-22796).
Edited by: C. Zaccone
Reviewed by: two anonymous referees

References
Baker, M. A., Valett, H. M., and Dahm, C. N.: Organic
carbon supply and metabolism in a shallow groundwater ecosystem, Ecology, 81, 3133–3148, doi:10.1890/00129658(2000)081[3133:OCSAMI]2.0.CO;2, 2000.
Banks, W. S. L., Gellis, A. C., and Noe, G.: Sources of finegrained suspended sediment in Mill Stream Branch Watershed,
Corsica River Basin, a tributary to the Chesapeake Bay, Maryland, 2009, in: Proceedings, 2nd Joint Federal Interagency Con-

www.soil-journal.net/3/95/2017/

J. N. Weitzman and J. P. Kaye: Nitrate retention capacity of milldam-impacted legacy sediments
ference, Las Vegas, NV, 27 June–1 July 2010, CD-ROM ISBN
978-0-0779007-3-2, 6B, 12 pp., 2010.
Bishop, P. and Muñoz-Salinas, E.: Tectonics, geomorphology
and water mill location in Scotland, and the potential impacts of mill dam failure, Appl. Geogr., 42, 195–205,
doi:10.1016/j.apgeog.2013.04.010, 2013.
Bradley, R. L.: An alternative explanation for the post-disturbance
NO−
3 flush in some forest ecosystems, Ecol. Lett., 4, 412–416,
doi:10.1046/j.1461-0248.2001.00243.x, 2001.
Bremner, J. M. and Kenney, D. R.: Determination and isotoperatio analysis of different forms of nitrogen in soils: 3.
Exchangeable ammonium, nitrate, and nitrite by extractiondistillation methods, Soil Sci. Soc. Am. J., 30, 577–582,
doi:10.2136/sssaj1966.03615995003000050015x, 1966.
Brush, G. S.: Historical land use, nitrogen, and coastal eutrophication: a paleoecological perspective, Estuar. Coast., 32, 18–28,
doi:10.1007/s12237-008-9106-z, 2009.
Campbell, D. H., Kendall, C., Chang, C. C. Y., Silva, S. R., and
Tonnessen, K. A.: Pathways for nitrate release from an alpine
watershed: Determination using δ 15 N and δ 18 O, Water Resour.
Res., 38, 10-1–10-9, doi:10.1029/2001WR000294, 2002.
Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W.,
Sharpley, A. N., and Smith, V. H.: Nonpoint pollution of surface
waters with phosphorus and nitrogen, Ecol. Appl., 8, 559–568,
doi:10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2,
1998.
Casciotti, K. L., Sigman, D. M., Galanter Hastings, M., Böhlke, J.
K., and Hilkert, A.: Measurement of the oxygen isotopic composition of nitrate in seawater and freshwater using the denitrifier
method, Anal. Chem., 74, 4905–4912, doi:10.1021/ac020113w,
2002.
Castellano, M. J., Kaye, J. P., Lin, H., and Schmidt, J. P.: Linking carbon saturation concepts to nitrogen saturation and retention, Ecosystems, 15, 175–187, doi:10.1007/s10021-011-9501-3,
2012.
Chang, H.: Basin hydrologic response to changes in climate and
land use: the Conestoga River Basin, Pennsylvania, Phys. Geogr.,
24, 222–247, doi:10.2747/0272-3646.24.3.222, 2003.
Cleveland, C. C. and Liptzin, D.: C : N : P stoichiometry in soil: Is
there a “Redfield ratio” for the microbial biomass?, Biogeochemistry, 85, 2350252, doi:10.1007/s10533-007-9132-0, 2007.
Corre, M. D., Brumme, R., Veldkamp, E., and Beese, F. O.:
Changes in nitrogen cycling and retention processes in soils under spruce forests along a nitrogen enrichment gradient in Germany, Glob. Change Biol., 13, 1509–1527, doi:10.1111/j.13652486.2007.01371.x, 2007.
Curtis, C. J., Evans, C. D., Goodale, C. L., and Heaton, T.
H. E.: What have stable isotope studies revealed about the
nature and mechanisms of N saturation and nitrate leaching
from semi-natural catchments?, Ecosystems, 14, 1021–1037,
doi:10.1007/s10021-011-9461-7, 2011.
Custer, B. H.: Soil Survey of Lancaster County, Pennsylvania,
United States Department of Agriculture Soil Conservation Service in cooperation with Pennsylvania State University, College
of Agriculture, and Pennsylvania Department of Environmental
Resources, State Conservation Commission, USDA, Lancaster,
PA, 165 pp., 1985.
Dahm, C. M., Baker, M. A., Moore, D. I., and Thibault, J.
R.: Coupled biogeochmical and hydrological responses of

www.soil-journal.net/3/95/2017/

109

streams and rivers to drought, Freshwater Biol., 48, 1219–1231,
doi:10.1046/j.1365-2427.2003.01082.x, 2003.
Dane, J. H. and Hopmans, J. W.: Introduction, in: Methods of Soil
Analysis, Part 4, Physical Methods, edited by: Dane, J. H. and
Topp, G. C., Soil Science Society of America Book Series, No.
5, Soil Sci. Soc. Am., Madison, WI, 675–680, 2002a.
Dane, J. H. and Hopmans, J. W.: Pressure plate extractor, in: Methods of Soil Analysis, Part 4, Physical Methods, edited by: Dane,
J. H. and Topp, G. C., Soil Science Society of America Book
Series, No. 5, Soil Sci. Soc. Am., Madison, WI, 688–690, 2002b.
Davidson, E. A., Hart, S. C., Shanks, C. A., and Firestone,
M. K.: Measuring gross nitrogen mineralization, immobilization, and nitrification by 15 N isotopic pool dilution in intact soil cores, J. Soil Sci., 42, 335–349, doi:10.1111/j.13652389.1991.tb00413.x, 1991.
Davidson, E. A., Chorover, J., and Dail, D. B.: A mechanism
of abiotic immobilization of nitrate in forest ecosystems: the
ferrous wheel hypothesis, Glob. Change Biol., 9, 228–236,
doi:10.1046/j.1365-2486.2003.00592.x, 2003.
De Brue, H. and Verstraeten, G.: Impact of the spatial and thematic
resolution of Holocene anthropogenic land-cover scenarios on
modelled soil erosion and sediment delivery rates, Holocene, 24,
67–77, doi:10.1177/0959683613512168, 2014.
Doane, T. A. and Horwath, W. R.: Spectrophotometric determination of nitrate with a single reagent, Anal. Lett., 36, 2713–2722,
doi:10.1081/AL-120024647, 2003.
Downward, S. and Skinner, K.: Working rivers: The geomorphological legacy of English freshwater mills, Area, 37, 138–147,
doi:10.1111/j.1475-4762.2005.00616.x, 2005.
Duncan, J. M., Band, L. E., Groffman, P. M., and Bernhardt, E. S.:
Mechanisms driving the seasonality of catchment scale nitrate
export: Evidence for riparian ecohydrologic controls, Water Resour. Res., 51, 3982–3997, doi:10.1002/2015WR016937, 2015.
Emmett, B. A.: Nitrogen saturation of terrestrial ecosystems:
Some recent findings and their implications for our conceptual framework, Water Air Soil Pollut. Focus, 7, 99–109,
doi:10.1007/s11267-006-9103-9, 2007.
Fitzhugh, R. D., Lovett, G. M., and Venterea, R. T.: Biotic and abiotic immobilization of ammonium, nitrite, and nitrate in soils
developed under different tree species in the Catskill Mountains, New York, USA, Glob. Change Biol., 9, 1591–1601,
doi:10.1046/j.1365-2486.2003.00694.x, 2003.
Forshay, K. J. and Stanley, E. H.: Rapid nitrate loss and denitrification in a temperate river floodplain, Biogeochemistry, 75, 43–64,
doi:10.1007/s10533-004-6016-4, 2005.
Gellis, A. C. and Mukundan, R.: Watershed sediment source identification: tools, approaches, and case studies, J. Soil. Sediment.,
13, 1655–1657, doi:10.1007/s11368-013-0778-z, 2013.
Gellis A. C. and Noe, G. B.: Sediment source analysis in Linganore
Creek watershed, Maryland, USA, using the sediment fingerprinting approach: 2008 to 2010, J. Soil. Sediment., 13, 1735–
1753, doi:10.1007/s11368-013-0771-6, 2013.
Gellis, A. C., Hupp, C. R., Pavich, M. J., Landwehr, J. M., Banks,
W. S. L., Hubbard, B. E., Langland, M. J., Ritchie, J. C., and
Reuter, J. M.: Sources, transport, and storage of sediment at selected sites in the Chesapeake Bay watershed, US Geological
Survey Scientific Investigations Report 2008-5186, US Department of the Interior, Reston, VA, 95 pp., 2009.

SOIL, 3, 95–112, 2017

110

J. N. Weitzman and J. P. Kaye: Nitrate retention capacity of milldam-impacted legacy sediments

Grimm, N. B., Sheibley, R. W., Crenshaw, C. L., Dahm, C. N.,
Roach, W. J., and Zeglin, L. H.: N retention and transformation in urban streams, J. N. Am. Benthol. Soc., 24, 626–642,
doi:10.1899/04-027.1, 2005.
Harrison, L. R., Legleiter, C. J., Wydzga, M. A., and Dunne,
T.: Channel dynamics and habitat development in a meandering gravel bed river, Water Resour. Res., 47, W04513,
doi:10.1029/2009WR008926, 2011.
Hart, S. C., Stark, J. M., Davidson, E. M., and Firestone, M. K.:
Nitrogen mineralization, immobilization, and nitrification, in:
Methods of Soil Analysis, Part 2, Microbiological and Biochemical Properties, edited by: Weaver, R. W., Angle, S., Bottomley,
P., Bezdicek, D., Smith, S., Tabatai, A., and Wollum, A., Soil
Science Society of America Book Series, No. 5, Soil Sci. Soc.
Am., Madison, WI, 985–1018, 1994.
Hartranft, J. L., Merritts, D. J., Walter, R. C., and Rahnis, M.: The
Big Spring Run restoration experiment: Policy, geomorphology,
and aquatic ecosystems in the Big Spring Run Watershed, Lancaster County, PA, Sustain, 24, 24–30, 2011.
Hayhoe, K., Wake, C. P., Huntington, T. G., Luo, L., Schwartz, M.
D., Sheffield, J., Wood, E., Anderson, B., Bradbury, J., DeGaetano, A., Troy, T. J., and Wolfe, D.: Past and future changes in
climate and hydrological indicators in the US Northeast, Clim.
Dynam., 28, 381–407, doi:10.1007/s00382-006-0187-8, 2007.
Hazelton, P. and Murphy, B.: Interpreting soil test results: What do
all the numbers mean?, 2nd Edn., CSIRO Publishing, Collingwood, VIC, Austraila, 152 pp., 2007.
Hill,
A.
R.:
Nitrate
removal
in
stream
riparian
zones,
J.
Environ.
Qual.,
25,
743–755,
doi:10.2134/jeq1996.00472425002500040014x, 1996.
Hoffmann, T., Erkens, G., Cohen, K. M., Houben, P., Seidel, J.,
and Dikau, R.: Holocene floodplain sediment storage and hillslope erosion within the Rhine catchment, Holocene, 17, 105–
118, doi:10.1177/0959683607073287, 2007.
Howarth, R. W., Swaney, D. P., Boyer, E. W., Marino, R., Jaworski,
N., and Goodale, C.: The influence of climate on average nitrogen export from large watersheds in the Northeastern United
States, Biogeochemistry, 79, 163–186, doi:10.1007/s10533-0069010-1, 2006.
IPCC (Intergovernmental Panel on Climate Change): Climate
Change 2013: The Physical Science Basis, Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, edited by: Stocker,
T. F., Qin, D., Plattner, G.-K.,Tignor, M. M. B., Allen,
S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and
Midgley P. M., Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 1535 pp.,
doi:10.1017/CBO9781107415324, 2013.
Jacobson, R. B. and Coleman, D. J.: Stratigraphy and recent evolution of Maryland Piedmont floodplains, Am. J. Sci., 286, 617–
637, doi:10.2475/ajs.286.8.617, 1986.
Kaushal, S. S., Groffman, P. M., Band, L. E., Shields, C. A., Morgan, R. P., Palmer, M. A., Belt, K. T., Swan, C. M., Findlay, S. E.
G., and Fisher, G. T.: Interaction between urbanization and climate variability amplifies watershed nitrate export in Maryland,
Environ. Sci. Technol., 42, 5872–5878, doi:10.1021/es800264f,
2008a.
Kaushal, S. S., Groffman, P. M., Mayer, P. M., Striz, E., and Gold,
A. J.: Effects of stream restoration on denitrification in an ur-

SOIL, 3, 95–112, 2017

banizing watershed, Ecol. Appl., 18, 789–804, doi:10.1890/071159.1, 2008b.
Kaushal, S. S., Pace, M. L., Groffman, P. M., Band, L. E., Belt, K.
T., Mayer, P. M., and Welty, C.: Land use and climate variability amplify contaminant pulses, Eos Trans. AGU, 91, 221–222,
doi:10.1029/2010EO250001, 2010.
Kaye, J. P., Barrett, J. E., and Burke, I. C.: Stable carbon and nitrogen pools in grassland soils of variable texture and carbon
content, Ecosystems, 5, 461–471, doi:10.1007/s10021-002-1424, 2002a.
Kaye, J. P., Binkley, D., Zou, X., and Parrotta, J.: Nonlabile soil 15 nitrogen retention beneath three tree species in
a tropical plantation, Soil Sci. Soc. Am. J., 66, 612–619,
doi:10.2136/sssaj2002.0612, 2002b.
Kettler, T. A., Doran, J. W., and Gilbert, T. L.: Simplified
method for soil particle-size determination to accompany
soil-quality analyses, Soil Sci. Soc. Am. J., 65, 849–852,
doi:10.2136/sssaj2001.653849x, 2001.
Klute, A.: Water retention: Laboratory Methods, in: Methods of Soil
Analysis, Part 1, Physical and Mineralogical Methods, 2nd Edn.,
edited by: Klute, A., Agron. Monogr. No. 9, Am. Soc. Agron.Soil Sci. Soc. Am., Madison, WI, 635–662, 1986.
Klute, A. and Dirksen, C.: Hydraulic conductivity and diffusivity:
Laboratory methods, in: Methods of Soil Analysis, Part 1, Physical and Mineralogical Methods, 2nd edition, edited by: Klute,
A., Agron. Monogr. No. 9, Am. Soc. Agron.-Soil Sci. Soc. Am.,
Madison, WI, 687–734, 1986.
Larsen, A., Robin, V., Heckmann, T., Fülling, A., Larsen, J. R., and
Bork, H.: The influence of historic land-use changes in hillslope
erosion and sediment redistribution, Holocene, 26, 1248–1261,
doi:10.1177/0959683616638420, 2016.
Lewis, D. B. and Grimm, N. B.: Hierarchical regulation of nitrogen export from urban catchments: Interactions of storms and
landscapes, Ecol. Appl., 17, 2347–2364, doi:10.1890/06-0031.1,
2007.
Lewis, D. B., Castellano, M. J., and Kaye, J. P.: Forest succession, soil carbon accumulation, and rapid nitrogen storage in
poorly remineralized soil organic matter, Ecology, 95, 2687–
2693, doi:10.1890/13-2196.1, 2014.
Lovett, G. M. and Goodale, C. L.: A new conceptual model of nitrogen saturation based on experimental addition to an oak forest, Ecosystems, 14, 615–631, doi:10.1007/s10021-011-9432-z,
2011.
Lu, H., Bryant, R. B., Buda, A. R., Collick, A. S., Folmar, G. J., and
Kleinman, P. J. A.: Long-term trends in climate and hydrology
in an agricultural, headwater watershed of central Pennsylvania,
USA, J. Hydrol., 4, 713–731, doi:10.1016/j.ejrh.2015.10.004,
2015.
Massoudieh, A., Gellis, A., Banks, W. S., and Wieczorek, M. E.:
Suspended sediment source apportionment in Chesapeake Bay
watershed using Bayesian chemical mass balance receptor modeling, Hydrol. Process., 27, 3363–3374, doi:10.1002/hyp.9429,
2013.
Mayer, P. M., Groffman, P. M., Striz, E. A., and Kaushal, S. S.:
Nitrogen dynamics at the groundwater-surface water interface
of a degraded urban stream, J. Environ. Qual., 39, 810–823,
doi:10.2134/jeq2009.0012, 2010.
Meade, R. H., Yuzuk, T. R., and Day, T. J.: Movement and storage
of sediment in rivers of the United States and Canada, in: Sur-

www.soil-journal.net/3/95/2017/

J. N. Weitzman and J. P. Kaye: Nitrate retention capacity of milldam-impacted legacy sediments
face Water Hydrology, edited by: Wolman, M. G. and Riggs, H.
C., The Geology of North America, 0-1, Geological Society of
America, Boulder, CO, 255–280, 1990.
Merritts, D., Walter, R., and Rahnis, M. A.: Sediment and nutrient
loads from stream corridor erosion along breached millponds,
Franklin and Marshall College, A Report to the Pennsylvania
Department of Environmental Protection, Lancaster, PA, 79 pp.,
2010.
Merritts, D., Walter, R., Rahnis, M., Hartranft, J., Cox, S., Gellis, A., Potter, N., Hilgartner, W., Langland, M., Manion, L.,
Lippincott, C., Siddiqui, S., Rehman, Z., Scheid, C., Kratz, L.,
Shilling, A., Jenschke, M., Datin, K., Cranmer, E., Reed, A., Matuszewski, D., Voli, M., Ohlson, E., Neugebauer, A., Ahamed,
A., Neal, C., Winter, A., and Becker, S.: Anthropocene streams
and base-level controls from historic dams in the unglaciated
mid-Atlantic region, USA, Philos. T. R. Soc. A, 369, 976–1009,
doi:10.1098/rsta.2010.0335, 2011.
Merritts, D. J. and Walter, R. C.: Colonial mill ponds of Lancaster
County Pennsylvania as a major source of sediment pollution
to the Susquehanna River and Chesapeake Bay, in: Southeast
Friends of the Pleistocene Field Trip and Guidebook, edited by:
Merritts, D. J., Walter, R. C., and deWet, A., Franklin and Marshall College, Lancaster, PA, 11 pp., 2003.
Merritts, D. J., Walter, R. C., and deWet, A.: Sediment and soil site
investigation, Big Spring Run, West Lampeter Township, Lancaster County, For LandStudies, Inc., Lancaster, PA, 2005.
Morgan, L. H. The American beaver and his works, Burt Franklin,
New York, 1897, reprinted 1970.
Morier, I., Guenat, C., Siegwolf, R., Vedy, J., and Schleppi, P.:
Dynamics of atmospheric nitrogen deposition in a temperate calcareous forest soil, J. Environ. Qual., 37, 2012–2021,
doi:10.2134/jeq2007.0563, 2008.
Norton, J. M. and Stark, J. M.: Regulation and measurement of nitrification in terrestrial systems, Method. Enzymol., 486, 343–368,
doi:10.1016/B978-0-12-381294-0.00015-8, 2011.
PA DEP (Pennsylvania Department of Environmental Protection): Legacy Sediment Definitions, Legacy Sediment Workgroup, edited by: Hartranft, J., Merritts, D.,
and Walter, R., available at: http://www.dep.pa.gov/
PublicParticipation/AdvisoryCommittees/WaterAdvisory/
ChesapeakeBayManagementTeam/Documents/legacy_
sediment_definitions.pdf (last access: 14 April 2016), 2006.
PA DEP (Pennsylvania Department of Environmental Protection):
Natural floodplain, stream, and riparian wetland restoration best
management practice, Definition and Nutrient and Sediment Reduction Efficiencies, Pennsylvania Department of Environmental
Protection, Harrisburg, PA, 7 pp., 2009.
PA DEP (Pennsylvania Department of Environmental Protection):
Lower Susquehanna region geology and groundwater, White Paper, Pennsylvania Department of Environmental Protection, Harrisburg, PA, 2011.
PA DEP (Pennsylvania Department of Environmental Protection):
Big Spring Run natural floodplain, stream, and riparian wetland
– aquatic resource restoration project monitoring, PA DEP Final
Report, Pennsylvania Department of Environmental Protection,
Lancaster, PA, 109 pp., 2013.
Parola, A. C. and Hansen, C.: Reestablishing groundwater and surface water connections in stream restoration, Sustain, 24, 2–7,
2011.

www.soil-journal.net/3/95/2017/

111

Rawls, W. J., Gish, T. J., and Brakensiek, D. L.: Estimating soil
water retention from soil physical properties and characteristics,
Adv. Soil Sci., 16, 213–234, doi:10.1007/978-1-4612-3144-8_5,
1991.
Rawls, W. J., Gimenez, D., and Grossman, R.: Use of soil texture, bulk density, and slope of the water retention curve to predict saturated hydraulic conductivity, Trans. ASAE, 41, 983–988,
doi:10.13031/2013.17270, 1998.
Rawls, W. J., Pachepsky, Y. A., Ritchie, J. C., Sobecki, T. M.,
and Bloodworth, H.: Effect of soil organic carbon on soil
water retention, Geoderma, 116, 61–76, doi:10.1016/S00167061(03)00094-6, 2003.
Rennenberg, H. and Gessler, A.: Consequences of N deposition to
forest ecosystems – recent results and future research needs, Water Air Soil Pollut., 116, 47–64, doi:10.1023/A:1005257500023,
1999.
Renwick, W. H., Smith, S. V., Bartley, J. D., and Buddemeier,
R. W.: The role of impoundments in the sediment budget of
the conterminous United States, Geomorphology, 71, 99–111,
doi:10.1016/j.geomorph.2004.01.010, 2005.
Rütting, T., Huygens, D., Staelens, J., Müller, C., and Boeckx,
P.: Advances in 15N-tracing experiments: new labelling and
data analysis approaches, Biochem. Soc. T., 39, 279–283,
doi:10.1042/BST0390279, 2011.
Schmidt, M. W. I., Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I. A., Kleber, M., Kögel-Knabner, I.,
Lehmann, J., Manning, D. A. C., Nannipieri, P., Rasse, D.
P., Weiner, S., and Trumbore, S. E.: Persistence of soil organic matter as an ecosystem property, Nature, 478, 49–56,
doi:10.1038/nature10386, 2011.
Seki, K.: SWRC fit – a nonlinear fitting program with a water retention curve for soils having unimodal and bimodal
pore structure, Hydrol. Earth Syst. Sci. Discuss., 4, 407–437,
doi:10.5194/hessd-4-407-2007, 2007.
Sharpley, A., Jarvie, H. P., Buda, A., May, L., Spears, B., and Kleinman, P.: Phosphorus legacy: overcoming the effects of past management practices to mitigate future water quality impairment,
J. Environ. Qual., 42, 1308–1326, doi:10.2134/jeq2013.03.0098,
2013.
Shortle, J., Abler, D., Blumsack, S., Britson, A., Fang, K.,
Kemanian, A., Knight, P., McDill, M., Najjar, R., Nassry,
M., Ready, R., Ross, A., Rydzik, M., Shen, C., Wang,
S., Wardrop, D., and Yetter, S.: Pennsylvania climate impacts assessment update, Pennsylvania Department of Environmental Protection publication 2700-BK-DEP4494,
available at: http://www.elibrary.dep.state.pa.us/dsweb/Get/
Document-108470/2700-BK-DEP4494.pdf (last access: 21 July
2016), 2015.
Sigman, D. M., Casciotti, K. L., Andreani, M., Barford, C.,
Galanter, M., and Böhlke, J. K.: A bacterial method for the nitrogen isotopic analysis of nitrate in seawater and freshwater, Anal.
Chem., 73, 4145–4153, doi:10.1021/ac010088e, 2001.
Sims, G. K., Ellsworth, T. R., and Mulvaney, R. L.: Microscale determination of inorganic nitrogen in water
and soil extracts, Commun. Soil Sci. Plan., 26, 303–316,
doi:10.1080/00103629509369298, 1995.
Spierre, S. G. and Wake, C.: Trends in extreme precipitation
events for the northeastern United States 1948–2007, Carbon Solutions New England, University or New Hampshire,

SOIL, 3, 95–112, 2017

112

J. N. Weitzman and J. P. Kaye: Nitrate retention capacity of milldam-impacted legacy sediments

Durham, NH, USA, available at: http://www.amwa.net/galleries/
climate-change/2010_NortheastExtremePrecip.pdf (last access:
21 July 2016), 2010.
Stanley, E. H. and Doyle, M. W.: A geomorphic perspective on nutrient retention following dam removal, Bioscience, 52, 693–701,
doi:10.1641/0006-3568(2002)052[0693:AGPONR]2.0.CO;2,
2002.
Templer, P. H., Mack, M. C., Chapin III, F. S., Christenson, L. M.,
Compton, J. E., Crook, H. D., Currie, W. S., Curtin, C. J., Dail,
D. B., D’Antonio, C. M., Emmett, B. A., Epstein, H. E., Goodale,
C. L., Gundersen, P., Hobbie, S. E., Holland, K., Hooper, D. U.,
Hungate, B. A., Lamontagne, S., Nadelhoffer, K. J., Osenberg,
C. W., Perakis, S. S., Schleppi, P., Schimel, J., Schmidt, I. K.,
Sommerkorn, M., Spoelstra, J., Tietema, A., Wessel, W. W., and
Zak, D. R.: Sinks for nitrogen inputs in terrestrial ecosystems:
a meta-analysis of 15 N tracer field studies, Ecology, 93, 1816–
1829, doi:10.1890/11-1146.1, 2012.
Trimble, S. W.: Contribution of stream channel erosion to sediment
yield from an urbanizing watershed, Science, 278, 1442–1444,
doi:10.1126/science.278.5342.1442, 1997.
USEPA (US Environmental Protection Agency): Chesapeake Bay
total maximum daily load for nitrogen, phosphorus, and sediment, US Environmental Protection Agency Chesapeake Bay
Program Office, Annapolis, MD, 93 pp., 2010.
van Genuchten, M. T.: A closed form equation for predicting the
hydraulic conductivity of unsaturated soils, Soil Sci. Soc. Am. J.,
44, 892–898, doi:10.2136/sssaj1980.03615995004400050002x,
1980.
Voli, M., Merritts, D., Walter, R., Ohlson, E., Datin, K., Rahnis, M.,
Kratz, L., Deng, W., Hilgartner, W., and Hartranft, J.: Preliminary
reconstruction of a pre-European settlement valley bottom wetland, southeastern Pennsylvania, Water Res. Impact, 11, 11–13,
2009.

SOIL, 3, 95–112, 2017

Walter, R. C. and Merritts, D. J.: Natural streams and
the legacy of water-powered mills, Science, 319, 299–304,
doi:10.1126/science.1151716, 2008a.
Walter, R. C. and Merritts, D. J.: What to do about those
dammed streams (Comment and Reply), Peter Wilcock and Walter/Merritts, Science, 321, 910–912, 2008b.
Walter, R., Merritts, D., and Rahnis, M.: Estimating volume, nutrient content, and rates of stream bank erosion of legacy sediment
in the Piedmont and Valley and Ridge physiographic provinces
of Southeastern and Central PA, A Report to the Pennsylvania
Department of Environmental Protection, Lancaster, PA, 38 pp.,
2007.
Weitzman, J. N. and Kaye, J. P.: Variability in soil nitrogen retention
across forest, urban, and agricultural land uses, Ecosystems, 19,
1345–1361, doi:10.1007/s10021-016-0007-x, 2016.
Weitzman, J. N., Forshay, K. J., Kaye, J. P., Mayer, P. M., Koval, J.
C., and Walter, R. C.: Potential nitrogen and carbon processing in
a landscape rich in milldam legacy sediments, Biogeochemistry,
120, 337–357, doi:10.1007/s10533-014-0003-1, 2014.
Williams, M.: Dark ages and dark areas: global deforestation in the deep past, J. Hist. Geogr., 26, 28–46,
doi:10.1006/jhge.1999.0189, 2000.
Wollheim, W. M., Peterson, B. J., Deegan, L. A., Hobbie, J. E.,
Hooker, B., Bowden, W. B., Edwardson, K. J., Arscott, D. B.,
Hershey, A. E., and Finlay, J.: Influence of stream size on ammonium and suspended particulate nitrogen processing, Limnol.
Oceanogr., 46, 1–13, doi:10.4319/lo.2001.46.1.001, 2001.
Wösten, J. H. M., Pachepsky, Y. A., and Rawls, W. J.: Pedotransfer
functions: Bridging the gap between available basic soil data and
missing soil hydraulic characteristics, J. Hydrol., 251, 123–150,
doi:10.1007/s10533-004-6016-4, 2001.
Wynn, P., Hodson, A., Heaton, T. H. E., and Chenery, S. R. N.: Nitrate production beneath a High Arctic glacier, Svalbard, Chem.
Geol., 244, 88–102, doi:10.1016/j.chemgeo.2007.06.008, 2007.

www.soil-journal.net/3/95/2017/

