
water

Article

After the Storm: Fate and Leaching of Particulate Nitrogen (PN)
in the Fluvial Network and the Influence of Watershed Sources
and Moisture Conditions

Chelsea Krieg 1, Erin Johnson 1, Erin Peck 2, Jinjun Kan 3 and Shreeram Inamdar 2,*

����������
�������

Citation: Krieg, C.; Johnson, E.; Peck,

E.; Kan, J.; Inamdar, S. After the

Storm: Fate and Leaching of

Particulate Nitrogen (PN) in the

Fluvial Network and the Influence of

Watershed Sources and Moisture

Conditions. Water 2021, 13, 3182.

https://doi.org/10.3390/w13223182

Academic Editors: Gurpal S. Toor and

Zhi Li

Received: 27 September 2021

Accepted: 6 November 2021

Published: 11 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Water Science & Policy Graduate Program, University of Delaware, Newark, DE 19716, USA;
cskrieg@udel.edu (C.K.); johnsone@udel.edu (E.J.)

2 Plant & Soil Sciences, University of Delaware, Newark, DE 19716, USA; erinpeck@udel.edu
3 Stroud Water Research Center, 970 Spencer Road, Avondale, PA 19311, USA; jkan@stroudcenter.org
* Correspondence: inamdar@udel.edu

Abstract: Large storms can erode, transport, and deposit substantial amounts of particulate nitrogen
(PN) in the fluvial network. The fate of this input and its consequence for water quality is poorly
understood. This study investigated the transformation and leaching of PN using a 56-day incubation
experiment with five PN sources: forest floor humus, upland mineral A horizon, stream bank, storm
deposits, and stream bed. Experiments were subjected to two moisture regimes: continuously moist
and dry–wet cycles. Sediment and porewater samples were collected through the incubation and
analyzed for N and C species, as well as the quantification of nitrifying and denitrifying genes
(amoA, nirS, nirK). C- and N-rich watershed sources experienced decomposition, mineralization,
and nitrification and released large amounts of dissolved N, but the amount of N released varied
depending on the PN source and moisture regime. Drying and rewetting stimulated nitrification and
suppressed denitrification in most PN sources. Storm deposits released large amounts of porewater
N regardless of the moisture conditions, indicating that they could readily act as N sources under a
variety of conditions. The inputs, processing, and leaching of large, storm-driven PN inputs become
increasingly important as the frequency and intensity of large storms is predicted to increase with
global climate change.

Keywords: nitrogen; particulate organic matter; fluvial deposition; storms; mineralization; nitrifica-
tion; denitrification; water quality; floodplain

1. Introduction

Nitrogen (N) is a key nutrient responsible for water quality and the impairment of
surface and groundwaters worldwide [1,2]. N inputs into aquatic ecosystems can occur
in both dissolved and particulate forms [3–5]. Historically, research generally focused
on the inputs of dissolved N species such as nitrate-N, ammonium-N, and dissolved
organic N (DON) since they are more bioavailable than particulate N (PN) and easily
assimilated [6]. However, recent studies indicate that PN inputs can be significant and can
exceed the inputs of dissolved N into streams, particularly during large tropical storms and
hurricanes [3,7]. Large storms have the erosive power and transport capacity to mobilize
substantial amounts of PN which can constitute a significant portion of the annual N flux in
a fraction of the time [3,7–10]. Dhillon and Inamdar [7] reported that as much as 33% of the
annual N flux, much of it as PN, was exported in only two days during Tropical Storm Irene
in a forested watershed in the mid-Atlantic United States (US). Similarly, Inamdar et al. [8]
found that PN composed 39–87% of the storm event N export with storms constituting 65%
of the 2011 total PN export. Furthermore, the composition of the particulate material can
also change with sediment sources and storm magnitude [11–15]. Previous studies showed
that, typically, near-stream sources dominate the particulate material for low-energy, small-
to-moderate storm events, while contributions from distal or upland mineral soils increase
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with the largest storms [13,14,16,17]. While dissolved N inputs are immediately available
for aquatic organisms, PN inputs can also decompose, leach, and serve as a longer-term
source of N for aquatic ecosystems.

PN that enters the stream network is subject to processing that can result in the
leaching, transformation, and sequestration of N. Thus, large storm events could represent
critical “hot moments” [18] of PN inputs, and the deposited PN could create “hot spots” [19]
of biogeochemical activity where inputs are transformed into dissolved and bioavailable
forms of N and contribute to eutrophication and changes in aquatic metabolism [20,21].
Deposited PN may also be metabolized to gaseous N (nitrous oxide N2O and N2), and thus
contribute to greenhouse gas emissions. Low-order streams, in particular, are important
sites for processing and N removal [22–24], but these processes can be highly variable, and
sensitive to environmental conditions that control residence time, temperature, oxygen
supply, microbial community structure and function, and moisture conditions [23–27].
Fluvial N processing is particularly sensitive to moisture content and drying and rewetting
cycles were shown to spur the intense decomposition, mineralization and release of carbon
(C) and N [28–30]. The processing of N and leaching in the stream network can also be
affected by the sources of PN and their composition [14,23,25,31]. The ability of the aquatic
mechanisms to regulate the PN loads may be affected by recurring droughts and high-
intensity storms, both of which are predicted to increase in severity and frequency due to
global climate change [32]. To fully understand the environmental impact of storm inputs
of PN on aquatic ecosystems, it is imperative that we assess how watershed PN sources and
varying moisture conditions affect the fate and processing of PN in the fluvial network.

To address this knowledge gap we determined the fate of PN through a 56 day
mesocosm incubation experiment using five PN sources and two moisture regimes. The
PN sources were identified based on our previous studies [14,15] and included three distinct
sources from a forested watershed—forest floor humus, upland mineral A horizon soil, and
stream bank soil, and two mixed sources from the stream or fluvial network—along with
floodplain storm deposit (hereafter storm deposit) and stream bed sediments. Incubations
were performed for continuously moist conditions (regime 1) and a variable regime with
distinct drying and wetting phases (regime 2). Porewater and sediment samples were
collected at selected time points during the incubation and analyzed for total C and N,
nitrate-N, ammonium-N, and DON and dissolved organic C (DOC). While our focus was
on N, the organic C component was also included for a comprehensive assessment. In
addition, abundances of nitrifying and denitrifying microbial genes (i.e., amoA, nirS, and
nirK) were also assessed for two of the five sources: forest floor humus and storm deposit.
These data were used to address the following key questions: How do watershed sources
of PN and moisture conditions affect sediment and porewater N transformations and
leaching? How do the porewater N values vary temporally through the incubation? Which
PN sources are sources or sinks of N? We hypothesized that: (a) PN sources with elevated
N content will leach N more readily and act as N sources; (b) the drying and rewetting
moisture regime will result in greater N release and leaching from watershed PN sources;
and (c) mineralization followed by nitrification will be the primary N pathway resulting in
the leaching of N.

2. Materials and Methods
2.1. Incubation Setup and Sampling

Watershed PN sources for the incubation experiment were collected from a 79-ha
forested, Piedmont watershed in Maryland which was extensively studied and described
in Dhillon and Inamdar [7], Johnson et al. [14] and Rowland et al. [15]. Soils are deep,
well-drained, coarse loamy, mixed, mesic Lithic Inceptisols that overlay the Mount Cuba
Wissahickon Formation, which is primarily comprised of pelitic gneiss and schist with
portions of pegmatite and amphibolite [33]. The forest has a mean stand age of 60 years
with the deciduous canopy principally comprised of Fagus grandifolia (American beech),
Liriodendron tulipifera (yellow poplar), and Acer rubrum (red maple).
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Specific PN sources sampled included: forest floor humus, upland mineral A horizon
soil, and stream bank soil (combination of exposed A and B horizons), and "mixed" sources
included floodplain storm deposit and stream bed. These sources were selected based on
our previous sampling studies and end-member mixing analysis for PN in this forested
watershed [14,15]. To account for source heterogeneity, three to six locations were selected
to collect samples for each of the five sources. Forest floor humus and upland mineral soil
A were collected from the upland portions of the watershed. Stream bank, storm deposits,
and stream bed were derived from the channel portion. Storm deposits were collected from
floodplain sediments beside the stream channel, while stream bed material was collected
from within the flowing stream channel. Large rocks and debris, plant stems or roots,
and/or organic material greater than 2 mm was removed and the soil was manually mixed
and homogenized to create a composite sample.

Storm deposit and stream bed sources were presumed to have already undergone
mixing with runoff waters and were used as collected. The remaining three PN sources—
forest floor humus, upland mineral A horizon soil, and stream bank soil, were mixed
with baseflow stream water for 20 min in a mixing tub to simulate runoff mixing prior to
placement in the incubation columns (Figure 1). Incubation columns were leached with
high-density polyethylene (HDPE) 2-gallon buckets (23.5 cm tall, 23.5 cm in diameter;
Figure 1). Replicates were created for each of the five sources for a total of 20 columns
for each of the two moisture regimes simulated (total 40 columns). All columns were
filled with the same depth/volume of sediment and particulate material at the start of the
experiment and columns were weighed to determine the mass of the sediments (empty
weight of buckets was subtracted).
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bed sediments.



Water 2021, 13, 3182 4 of 17

All incubation columns were fitted with Soilmoisture Equipment Corp Micro-Rhizon
sampler (1908D series; SoilMoisture Equipment Corp., Santa Barbara, CA, USA.) to collect
pore water samples. The micro-rhizon samplers were installed approximately 5 cm below
the surface of the incubation sediment at a 45◦ angle. One column for each of the PN
source-regime treatment combination was also fitted with Decagon 5TM (Decagon Devices
Inc., Pullman, WA, USA.) dual moisture and temperature probes to record soil moisture and
temperature associated with the treatment. All columns were housed in the greenhouse at
the Stroud Water Research Center, Avondale, PA. Incubation air temperature conditions
were recorded at 15 min intervals throughout the experiment by EnviroDIY Mayfly Data
Loggers (Stroud Water Research Center, Avondale, PA, USA). Mean temperatures ranged
between 20–22 ◦C. Ambient air temperature and humidity were measured and recorded
on sample collection days. Additional details are available in Krieg [34].

Two contrasting moisture treatments were applied to the incubation columns. Regime
1 sediments were frequently re-wetted with “small” rewetting events to represent moist
or wet conditions in the stream. Regime 2 incubation sediments were allowed to dry
and then re-wetted at day 25 with a “large” rewetting event, and then rewetted with the
same “small” rewetting events of regime 1 until day 56. Typically, the small watering
events ranged between 300–500 mL applied to the columns over a period of 30 min. The
“large” rewetting event applied on day 25 represented a substantial precipitation event
that would lead to uniform inundation across all sediment types and was applied to both
regime 1 and 2 sediments. To achieve this, all columns were watered until inundated with
~1 cm standing water for a period of 30 min. Treatment water was added to columns in
volume increments of 300 mL at a time. This “large” rewetting event used 600–1500 mL per
incubation column and took place over a 3 h period. Treatment water used for the “small”
and “large” rewetting events was filtered (Sterlitech 0.22 µm, Auburn, WA, USA) stream
water collected during baseflow conditions from the second-order stream that drained the
79 ha watershed. Dissolved N concentrations for the second-order forested stream were
previously described in [8] and were generally below 2 mgN/L for nitrate-N and below
0.5 mg/L for DON. Ammonium-N concentrations were below detection.

Two types of samples were collected from the incubation samples throughout the
experiment: porewater and sediment cores. Extraction syringes were connected to the
micro-rhizon samplers during pore water extraction samplings using a Luer-lock system
and clear PVC tubing. For pore water collection, a vacuum was applied to the micro-rhizon
samplers and, once vacuum was lost or the syringe was filled, the sample was decanted
to a clean 250 mL HDPE bottle and the vacuum was reapplied until enough sample was
collected. Filtration before refrigeration storage was not needed due to the 0.15 µm porosity
of the micro-rhizon samplers, which effectively removed microbes from the sample during
collection. Porewater collection occurred 4 times (day 0, day 26, day 33, and day 50)
throughout the incubation. Sediment samples were collected 6 times (days 0, 4, 25, 26,
45, and 56). Sediment cores were extracted using a 1

4 ” inner diameter aluminum pipe.
After sample collection, the core hole was filled with heat-treated bentonite to prevent
oxygenation without altering the sediment chemistry of the column.

2.2. Pore Water and Sediment Analysis and Microbial Gene Quantification

Porewater DOC and total dissolved N (TDN) were determined using a Shimadzu
TOC-L analyzer (Columbia, MD, USA). Porewater nitrate-N (EPA-129-A Rev. 8) and
ammonium-N (EPA-148-A Rev. 2) concentrations were determined on an AQ2 Discrete
Analyzer (Seal Analytical, Mequon, WI, USA). DON was determined by the difference
of TDN and inorganic N species. Sediment samples were analyzed for % TC and TN by
combustion on an Elementar TC/TN analyzer (Ronkonkoma, NY, USA).

Two watershed sources out of the five, forest floor humus and storm deposit, were
selected for microbial analysis because they represented distinctly different PN and leachate
chemistry (based on data from this study itself), which allowed for the comparison of a C-
and N-rich upland source versus a mixed source. Quantitative PCR (qPCR) analysis for
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nitrification and denitrification was performed using QuantStudioTM 6- Flex Real-Time
PCR System (ThermoFisher, Waltham, MA, USA) with SYBR-Green I fluorescent dye.
Primers were selected to measure the abundance of genes associated with nitrification
and denitrification, specifically Arch-amoAf and Arch-amoAR [35] for ammonia oxidizing
archea (AOA); amoA-1F and amoA-2R [36] for ammonia oxidizing bacteria (AOB); and
nirS1R and nirS6R [37], and nirK583f and nirK5R [38] for denitrifying microbes (nirS
and nirK).

2.3. Data Analysis and Comparisons Performed

To overcome the effects of dilution due to water additions and evaporative concentra-
tion during sediment drying, measured porewater concentrations (mg/L) were converted
to masses (mg) using the equation:

C or N (mg) = C or N
(mg

L

)
×

(
π×D2

4

)
1000

× %VWC (1)

where %VWC is the volumetric water content recorded by the soil moisture probes during
the incubation, D is the diameter (cm) and h (cm) is the height of the sediment column
during incubation. These masses were then compared among incubation sources and mois-
ture regimes. For sediments, direct comparisons of %TC and %TN were performed among
sources and moisture treatments. Microbial abundance for nitrifying and denitrifying
genes was compared using copy numbers.

In addition to the porewater N and C masses and their temporal variations through
the incubation period, the net change in dissolved C and N mass was also determined
by subtracting the measured mass value at day 50 from the starting value at day 0 and
dividing the difference by the starting sediment weight of the source. This allowed us
to investigate how various sources affected the porewater mass per unit weight of the
source. Positive values were interpreted as the net increase (source/release) of porewater
nutrient mass over the incubation period, while negative values (consumption/sink) were
interpreted as net decreases. The differences were examined using ANOVAs, Tukey HSD,
and Student’s t test.

3. Results

In the following, we describe the moisture conditions and compare the N and C values
and the nitrifying and denitrifying gene abundances for watershed sources and moisture
regimes. Specific comparisons include: the start and end N mass values, temporal patterns
for porewater N and C values through the incubation period, the net change in porewater
masses, and nitrification/denitrification potentials (inferred by gene abundances) for the
individual sources.

3.1. Moisture Variation for Incubation Regimes

The moisture profile for regime 1 was characterized by small changes in %VWC,
while the moisture profile for regime 2 exhibited a drying phase from day 0 to day 25, a
sharp increase at day 25 (during water additions; wetting), followed by decline and minor
change for the rest of the incubation period (Figure 2). Forest floor and upland mineral
A horizon soil sources appeared to be the most ineffective in retaining the most moisture
and storm deposit. The storm deposit and stream bed indicated lower moisture conditions.
When regime 1 was compared to regime 2, the moisture treatments resulted in significantly
different moisture profiles for forest floor humus (p ≤0.0001), storm deposit (p ≤ 0.0001),
stream bank soil (p ≤ 0.0001), and upland mineral A horizon soil (p = 0.0051), but no
differences for stream bed (p = 0.3773).



Water 2021, 13, 3182 6 of 17

Water 2021, 13, x    6  of  18 
 

 

tions. When regime 1 was compared to regime 2, the moisture treatments resulted in sig‐

nificantly different moisture profiles for forest floor humus (p ≤0.0001), storm deposit (p ≤ 

0.0001), stream bank soil (p ≤ 0.0001), and upland mineral A horizon soil (p = 0.0051), but 

no differences for stream bed (p = 0.3773). 

 

Figure 2. Percent volumetric water content for the five sources across the two moisture regimes: 

regime 1—continuously moist and regime 2—dry–wet cycle. 

3.2. Changes in Sediment %TC and TN 

At the beginning of the incubation, forest floor humus had the highest mean %TC 

and %TN concentration (11.4 and 0.67%, respectively), followed by, in order: upland min‐

eral A soil (6.5 and 0.37%), stream bank soil (2 and 0.14%), storm deposit (0.35 and 0.02%) 

and stream bed (0.3 and 0.02%, Figure 3). The %TC and %TN values for the forest floor 

and upland mineral A soil were significantly (α level of 0.05) different from each other 

and from the other three sources (which were not significantly different from each other). 

In addition, at the start of the incubation, the forest floor humus and upland mineral A 

horizon soil sources had the highest mean molar C:N ratios (19.25 and 19.99, respectively, 

Figure 3) which were significantly different from the stream bed (17.88), stream bank soil 

(17.53) and storm deposit (14.80) values. At the end of the incubation (day 56), nearly all 

sources had lower %TC and %TN values than the starting values for both moisture re‐

gimes (Figure 3). 

Figure 2. Percent volumetric water content for the five sources across the two moisture regimes:
regime 1—continuously moist and regime 2—dry–wet cycle.

3.2. Changes in Sediment %TC and TN

At the beginning of the incubation, forest floor humus had the highest mean %TC and
%TN concentration (11.4 and 0.67%, respectively), followed by, in order: upland mineral A
soil (6.5 and 0.37%), stream bank soil (2 and 0.14%), storm deposit (0.35 and 0.02%) and
stream bed (0.3 and 0.02%, Figure 3). The %TC and %TN values for the forest floor and
upland mineral A soil were significantly (α level of 0.05) different from each other and from
the other three sources (which were not significantly different from each other). In addition,
at the start of the incubation, the forest floor humus and upland mineral A horizon soil
sources had the highest mean molar C:N ratios (19.25 and 19.99, respectively, Figure 3)
which were significantly different from the stream bed (17.88), stream bank soil (17.53) and
storm deposit (14.80) values. At the end of the incubation (day 56), nearly all sources had
lower %TC and %TN values than the starting values for both moisture regimes (Figure 3).

3.3. Changes in Porewater N and C

Compared to particulate %TC and %TN values, porewater N and C masses revealed
more pronounced and variable changes between day 0 and day 50 (Figure 4). At the
beginning of the incubation (day 0), porewater N was low and DON and ammonium-N
accounted for 65–67% and 34–32% of the TDN, respectively, for all sources except storm
deposit. In contrast, nitrate-N accounted for 75–98% of the TDN at day 0 for storm deposit,
with DON and ammonium-N only contributing 2–22% to the TDN. Forest floor humus
had the greatest DON and ammonium-N among all PN sources (Figure 4), and similarly,
initially, had the highest DOC (Figure 5).

By the end of the incubation (day 50), porewater N masses increased and became
more nitrate-N rich across all sources, except for forest floor humus in regime 1, which
maintained the initial porewater N conditions (Figure 4). Similarly, final porewater DOC
masses declined through the incubation across all PN sources and both regimes (Figure 5),
except for forest floor source in regime 1 where porewater DOC increased.
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whereas the whiskers represent points that fall outside the quartiles but are within 1.5 times the interquartile range.
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Figure 5. Porewater mass of DOC for the five sources and two moisture regimes for day 0 and day
50. Regime 1: continuously moist and regime 2: dry–wet cycle.

Porewater N (Figure 6) and DOC (Figure 7) masses varied temporally across sources
and moisture regimes. In general, porewater TDN increased throughout the incubation
across all sources, with the greatest increase for forest floor humus. The temporal changes
of porewater TDN were largely driven by changes in porewater nitrate-N. Forest floor
humus, however, also indicated sharp increases in ammonium-N and DON across both
regimes. In contrast, temporal changes in ammonium-N were especially muted for other
sources (Figure 6).
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Figure 7. Temporal patterns of porewater DOC over the incubation period for the five sources and
two moisture regimes. Regime 1: continuously moist, and regime 2: dry-wet cycle.

The porewater DOC mass over the 50-day period decreased for all sources across both
regimes except for the forest floor in regime 1 (Figure 7). The changes to the forest floor
DOC for both moisture treatments dwarfed those of the other sources. Porewater DOC
for forest floor humus in regime 1 increased through the incubation while the reverse was
observed for regime 2.

Net changes in porewater N and C per unit of the sediment mass of the sources
indicated important differences in source–sink behavior (Figure 8). Forest floor DOC was an
important source of ammonium-N and DON for both regimes and for nitrate-N in regime
2. The difference in N response between the moisture regimes was especially pronounced
for nitrate-N. Nitrate-N values for all sources (including the N-poor sources, storm deposit,
stream bank soil, and bed) during regime 2 were greater than their corresponding regime 1
values indicating an increased release of nitrate-N. A contradictory response was observed
for DOC with the forest floor being a significant source in regime 1 but a sink in regime 2.
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Figure 8. Comparison of net change in porewater-dissolved N and C mass per unit weight of the
source sediment. Negative values indicate consumption (sink) of the solute while positive values
indicate release (source) of solutes.
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3.4. Nitrification and Denitrification Gene Abundances

Nitrification gene abundances were greater for storm deposit versus the forest floor at
the start (day 0) for both regimes (Figure 9) and increased to even higher values at day 56.
Similarly, the denitrification gene abundances were also higher for storm deposit versus
the forest floor for both regimes, but unlike nitrification, the denitrification gene abundance
for storm deposit decreased at day 56.
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Figure 9. Comparison of initial (day 0) and final (day 56) nitrification and denitrification gene
abundances (copy number/µg of DNA) for forest floor humus and storm deposit by moisture
regimes. Nitrification genes are the sum of AOA and AOB (top) and denitrification genes are the sum
of nirS and nirK (bottom). Bars and error bars denote gene abundance means and standard deviation.

Forest floor humus exhibited a minimal temporal change in nitrification gene abun-
dances (Figure 10). While there were some variations in nitrification genes with time
for storm deposit, there was an overall increasing trend in the nitrification genes. The
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temporal changes of denitrification gene abundances were muted for the forest floor humus
(Figure 10). Denitrification gene abundances for storm deposit revealed a mixed response
(decrease and increase) with high variances but demonstrated an overall decreasing trend
for both regimes.
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Figure 10. Temporal changes in nitrification (red) and denitrification (black) gene abundances (copy
number/µg of DNA) over the incubation period for the five sources and two moisture regimes.
Nitrification and denitrification gene abundance measurements were taken on day 0, 4, 25, 26, 45,
and 56 and their means are reported as points on the graph. Standard deviation is denoted with
error bars.

4. Discussion
4.1. Role of Sources and Moisture Conditions for Processing and Leaching of PN

Results from this incubation study provided important insights into the source–sink
behavior of PN and how watershed sources with varying C and N contents and moisture
conditions could affect the fate and release/consumption of N in the fluvial network. Key
N processes that could affect the PN fate in the fluvial system include leaching/desorption,
sorption, mineralization, nitrification, and denitrification [20,39]. PN can release DON and
ammonium-N into the solution via leaching or desorption, while DON, ammonium-N and
nitrate-N can be sorbed or biologically assimilated into the PN pool [20]. Importantly, PN
and DON can be mineralized to ammonium-N, which can subsequently be nitrified to
nitrate-N under aerobic conditions. When nitrate-N exists under wet and oxygen limiting
conditions, denitrification can dominate nitrogen cycling pathways in the headwaters and
convert Nitrate-N to nitrogen gas [20]. Both nitrification and denitrification are carried
out by distinct and diverse groups of specialized microorganisms including nitrifying
microbes (e.g., ammonia oxidizing bacteria and archaea) and denitrifying bacteria [40].
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Particulate organic matter can also influence denitrification indirectly via its influence on
DOC [41–43]. For instance, labile DOC could stimulate assimilatory N uptake as well as
denitrification [42,44].

Our results demonstrated that the source with elevated %C and N content, forest floor
humus, was particularly susceptible to leaching and mineralization under moist or wet
conditions. This source yielded elevated ammonium-N and DON in solution during regime
1 while the nitrate-N concentrations remained low. We attribute this to the leaching and
mineralization of organic N with a suppression of nitrification under moist conditions. This
assessment is supported by the decrease in particulate %TC and %TN and low nitrification
gene abundance for this source under moist regime 1 conditions. In addition, moist regime
1 conditions also stimulated the leaching of DOC from the forest floor. In comparison, other
sources revealed a muted response with regard to DOC, DON and NH4-N, but did indicate
an increased release of nitrate-N. The increase in nitrate-N was seen for the other high-C
and -N source, upland mineral A soil, as well as the C- and N-poor sources, storm deposit
and stream bed. It should be noted that the storm deposit had elevated nitrification gene
abundance, which increased through the incubation period. We speculate that the nitrate-N
released from storm deposit and stream bed sources likely originated from the nitrification
of sorbed ammonium-N on these sediments. Mineralization was likely not a key process
for the storm deposit and stream bed since the organic N contents of these sources were
low and porewater ammonium-N was negligible (unfortunately, we did not measure
sediment-bound ammonium-N for our sources and do not have the information to confirm
this speculation). However, it is also possible that the lack of porewater ammonium-N
for the storm deposit and stream bed during regime 1 could have been due to the rapid
nitrification or volatilization of ammonium-N from the solution [40,45]. Thus, sediment-
bound nutrients, in addition to those associated with particulate organic fractions, could
be important in nutrient transformations and release.

The big takeaway from this study was the sharp difference in solute response, particu-
larly for nitrate-N, between the moist regime 1 and the dry–wet regime 2. N processing
was particularly sensitive to moisture content and drying and rewetting cycles were shown
to spur intense decomposition, mineralization, the release of C and N, and the emission
of carbon dioxide [28–30]. This response is largely credited to the physical disruption
of macroaggregates resulting in the exposure of previously unavailable particulate mate-
rial [46,47], the decomposition of microorganisms that die due to moisture stress [48], and
the increase in productivity and shifts in the population dynamics of surviving microor-
ganisms, which can facilitate the assimilation, nitrification, or denitrification of N [48–51].
Rates of mineralization and nitrification subject to drying and rewetting were shown to
outperform those of soils which experienced more consistent moisture conditions, though
this response decreases with successive drying and rewetting cycles [50,52].

Forest floor humus had substantially greater amounts of porewater nitrate-N and
nitrification gene abundances in the dry–wet regime 2 than in regime 1. We attribute the
greater amount of porewater nitrate-N for forest floor humus in regime 2 to an increased
mineralization of organic N followed by nitrification. Since a net decrease in particulate
TC did not significantly differ across regimes, and nitrification is an autotrophic oxidation
process that is independent of C, it is hypothesized that this net decline in porewater DOC
was due to CO2 release via C mineralization, spurred by the drying and rewetting condi-
tions of regime 2 [30,53,54]. This increase in leached inorganic N and decrease in leached C
exemplifies the C and N mineralization response expected for the Birch Effect [28]. Labora-
tory scale studies [55] suggest that coarse particulate organic matter is more susceptible
to the “priming effect” [56,57] than fine particulate organic matter and results in greater
releases of N via the mineralization of PN. We believe this also likely occurred with the
forest floor incubations. We must emphasize here that the forest floor humus in this wa-
tershed primarily originated from deciduous trees such as Fagus grandifolia (American
beech), Liriodendron tulipifera (yellow poplar), and Acer rubrum (red maple). Deciduous
litter is typically more N-rich and biodegradable compared to coniferous litter [52]. It is
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very possible that the mineralization, nitrification, and N leaching responses observed in
this study for the deciduous forest floor PN source may not extend to watersheds with
primarily coniferous forest floor.

Beyond the forest floor, all the other sources also yielded substantial increases in
porewater nitrate-N. This suggests that nitrification likely stimulated nitrate-N production
and release for all of these sources despite their muted response for other N forms. Overall,
these results clearly show that PN source–sink behavior varies substantially with watershed
sources and particularly with moisture conditions.

4.2. Broader Environmental Implications and Caveats

Recent climate trends and future projections indicate an increasing intensity of the
largest storms, as well as increasing periods of dry or drought conditions between storms [32].
Larger and more intense storms will likely deliver more upland C- and N-rich sources such
as the forest floor and upland soils to the fluvial/stream network. Similarly, increasing
drought periods will likely replicate the moisture conditions we simulated in regime 2.
Both of these scenarios suggest more PN in the stream network with a greater potential for
the decomposition and leaching of N from this particulate source. Many of the streams
and rivers in the mid-Atlantic US are already impaired because of anthropogenic inputs
of N and phosphorus from urban and agricultural sources. Many of the states and juris-
dictions of the Chesapeake Bay are already falling short of meeting the “pollution diet” or
the required reductions in N to meet water quality targets [58]. This study suggests that
additional inputs of PN from forested watersheds under a changing climate could make
the water quality situation worse.

A quantification of the seasonal N dynamics of the Chesapeake Bay found that the
influx of allochthonous N supports the primary aquatic production in the spring and con-
tinues to sustain the high N demands of phytoplankton in the summer, via the regeneration
and recycling of DON and DIN [59,60]. According to the applied Finn Cycling Index (FCI),
approximately 70% of the total system activity in the summer is due to the rate of nitrogen
recycling in downstream aquatic ecosystems. This suggests that N leached from PN inputs
from large summer storms could substantially disturb the seasonal N dynamics in coastal
waters by providing fresh allochthonous N inputs that are typically not available [59]. For
several decades, watersheds draining into the Chesapeake Bay have experienced N fluxes
that are, on average, 10 times higher than the background fluxes [61], and have endured
6–8-fold increases in N inputs due to anthropogenic sources [62]. As anthropogenic N
inputs in aquatic systems increase, the release of N from forested catchments, augmented
by drying and rewetting cycles driven by climate change, continues to magnify an already
difficult environmental problem.

While this study provided important insights into the transformation and leaching
of PN, there were a few limitations. Following our previous work in the 79 ha forested
watershed [14,15], we focused solely on PN inputs from forested landscapes. Similar PN
inputs could also occur from urban and agricultural landscapes and could be potentially
more bioavailable and easily degradable [5,63,64]. Understanding the fate of these PN
inputs from urban and agricultural land uses is also an important knowledge gap that must
be addressed. We also recognize that our incubation experiment lasted for only 56 days and
was performed for two different, yet controlled, moisture conditions. Longer incubations
across multiple seasons with variable moisture and temperature conditions would likely
yield additional long-term insights into the processing of PN. Due to cost and logistical
limitations, our microbial (functional gene) assessments were limited to only two sources;
the inclusion of additional sources is recommended for future studies.

5. Conclusions

This study provided novel insights into the fate of particulate N in stream ecosystems
by investigating the role of watershed PN sources and moisture regimes. The key findings
from this research were: (1) The role of PN sources, forest floor humus; and the mixed
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sources, the storm deposit and stream bed, yielded comparable amounts of porewater N.
Enhanced C and N mineralization, nitrification, and the low denitrification spurred these
PN sources to release large amounts of porewater nitrate-N. In comparison, upland mineral
A horizon and stream bank soils released minimal amounts of porewater N. (2) Moisture
regime: drying and wetting conditions can enhance the release of N from PN sources. This
was highlighted by the forest floor humus which yielded significantly greater amounts of
porewater nitrate-N during the dry–wet regime 2 as opposed to the moist regime 1.

Overall, this study showed that PN could be an important source of porewater N to
the stream network. Climate change projections indicate that large storms will increase
in intensity and frequency, which could result in the increased export of greater amounts
of PN, particularly from C- and N-rich upland sources such as the forest floor. This could
result in the increased leaching of N in aquatic ecosystems and contribute to water quality
concerns. Climate variability will also likely enhance the drying and rewetting cycles
which, as shown by this work, may lead to more mineralization and nitrification of PN,
resulting in the release of dissolved N. Taken together, these observations suggest that
climate variability will pose important challenges for vulnerable aquatic ecosystems, such
as the Chesapeake and Delaware Bays in the US, which are already suffering from excess
anthropogenic pollution and eutrophication.
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