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38 Abstract

40 Quantifying changes in riparian biogeochemistry following rainfall events is critical for
watershed management. Following storms, changes in riparian hydrology can lead to

45 high rates of nutrient processing and export and greenhouse gas (GHG) release. We

47 assessed shifts in hydrology and biogeochemistry 24 and 72 hours post-rainfall following
storms of three different magnitudes in an agricultural riparian zone influenced by stream
5o restoration in the Piedmont region of North Carolina, USA. Post-storm changes in water

54 table height, soil moisture, groundwater flow, and lateral hydraulic gradient were related
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to biogeochemical processing. Though near-field nitrate (NO;°) concentrations were
elevated (median: 13 mg nitrogen (N) L-! across storms), substantial riparian NO;
removal occurred (89-96%). High N removal throughout the study occurred concurrently
with release of dissolved solutes (e.g., soluble reactive phosphorus [SRP]) and fluxes of
gases (carbon dioxide [CO,] nitrous oxide [N,O], and methane [CH4]), based on storm
timing, magnitude, and intensity. A high intensity, short duration storm of low
magnitude lead to release of CO, across the riparian zone and low SRP removal. A storm
of intermediate duration/magnitude towards the beginning of the summer lead to
mobilization of near-field NO;5™and release of N,O in the upper riparian zone and SRP in
the lower riparian zone. Finally, a larger storm of longer duration lead to pronounced
near-stream release of CHy. Therefore, it is important to expand research of
biogeochemical response to different types of storm events in restored riparian zones to

better balance water quality goals with potential greenhouse gas emissions.

Environmental Significance Statement

Changes in the frequency and magnitude of precipitation events can have
unforeseen impacts on pollutant transport, retention, and release. Shifts in riparian water
table height, hydraulic gradient, groundwater flux, and soil moisture following storms
were associated with nutrient processing and greenhouse gas release. An evaluation of
riparian hydrology, water quality, and greenhouse gas dynamics following storm events
of three different magnitudes is presented to illustrate differences in biogeochemical

response. Though high soil moisture may promote nitrogen removal via denitrification,
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which improves water quality, concomitant release of other contaminants, including soil-
bound phosphorus, nitrous oxide, and methane can occur following storms. Storm timing,
duration, magnitude, and intensity and antecedent conditions are associated with removal

and release of water and air quality components of concern.

Introduction

Use of nitrogen (N) and phosphorus (P)-based fertilizers in agricultural systems
has had deleterious impacts on aquatic ecosystems, resulting in nuisance algal blooms
and low dissolved oxygen in receiving waters.!? Efforts to reduce agricultural loadings of
N and P have resulted in the adoption of riparian zones as a management tool for water
quality improvement.>* Though riparian zones have proven to be effective buffers for
dissolved N and particulate P removal, release of constituents of concern, such as
greenhouse gases (GHGs) or soluble reactive phosphorus (SRP) has been documented,
particularly following shifts in water table height.>” These rapid rises in water table
height frequently occur following storm events, making storm and post-storm conditions
potential “hot moments™ of nutrient processing or transport (e.g., times when transport or
process rates are enhanced).® Rising water tables and altered flowpaths following storms
can also activate biogeochemical “hot spots” on the landscape as conditions that lead to
processing are enhanced in areas with configurations conducive to microbial processing.’

However, biogeochemical responses to storms can vary depending on site
hydrologic dynamics. Following storms, reduction in N removal efficiency in agricultural
riparian zones has been documented following a rise in water tables'® and has been

correlated to frequency of high intensity precipitation events.!! However, other studies
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have shown that elevated water tables and intermittent flooding can promote
denitrification, increasing N removal capacity of riparian zones.!?'* Though riparian
buffers may effectively trap sediment, and associated bound P, from overland flow,
significant export of total phosphorus (TP) and SRP from restored wetlands has been
documented following storm events,'>'® and storm flow (both overland and subsurface)
may account for the majority of SRP export in agricultural riparian zones.’

Greenhouse gas (carbon dioxide [CO;], nitrous oxide [N,O], and methane [CHy])
production may be stimulated by an influx of water following precipitation;!” GHG
emissions increase following strong riparian rewetting events!®1° and CO, often
dominates post-storm riparian GHG fluxes in water-limited environments.?’-22 In
saturated (often hydric) riparian soils, enhanced N,O and CH,4 release may occur as high
water tables may enhance nitrous oxide (N,0) and methane (CH,4) generation but inhibit
carbon dioxide (CO,) production,?3->* and research has confirmed antecedent conditions
(dry or wet) influence biogeochemical response.?6?7 For example, Jacinthe et al. (2012)
measured large N,O fluxes in riparian zones following short duration flooding events and
concluded that flood magnitude was more important than riparian vegetation type or
successional stage in dictating N,O flux.?8

Compounding adverse impacts of nutrient loading and precipitation-induced
changes in biogeochemistry is stream restoration. Stream restoration involves substantial
modification of the stream channel and associated floodplain, which may influence
environmental factors that impact biogeochemical processes, such as soil structure,
organic carbon composition and quality, moisture, and hydrologic connectivity.?*-3!

While the number of stream restoration projects across the nation is continuing to
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increase, few studies are investigating the impacts of hydrologic shifts following
precipitation events on riparian zone solute export and GHG release concurrently. In an
evaluation of riparian biogeochemistry 20 years post-restoration, Vidon et al. (2014)
assert that the fate and transport of N, P, and GHGs may depend on hot moments, rather
than gradual seasonal changes.'® However, when assessing biogeochemistry of restored
riparian zones, post-storm sampling frequently does not occur as part of a monitoring
protocol; there is a lack of current monitoring initiatives that analyze water and air
chemistry concurrently, despite continued emphasis on the importance of post-restoration
monitoring from the scientific community.32-3¢ Therefore, to gain a comprehensive
understanding of dynamics of contaminant export versus retention, it is important to
target potential “hot moments” of removal or release for sampling following storms and
to study water and air constituents in tandem, to evaluate potential water versus air
contaminant tradeoffs.

In light of the variability in biogeochemical response following storm events and
need for studies to assess different types of contaminants concurrently, we developed the
following questions to guide our investigation: 1) How do antecedent conditions and
storm characteristics (magnitude, intensity, and duration) impact post-storm hydrology
(soil moisture, water table height, hydraulic gradient, groundwater fluxes) in the context
of a restored riparian zone? 2) How do these hydrologic changes, coupled to antecedent
conditions and storm characteristics, impact nitrogen and phosphorus dynamics (flushing,
mobilization, export and retention), and GHG emission and consumption (source/sink

behavior)? 3) How do biogeochemical shifts in this study provide insight into oxidation-
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reduction (redox) processes in the context of water quality versus air quality goals and

how may this insight be coupled to previous findings to guide future research?

Methods
Site Characteristics

The study site, Cook’s Creek, is located in the Middle Fisher River Watershed in
the Piedmont Region, North Carolina, USA. The 27-m riparian zone is located adjacent
to a fertilized agricultural field planted with a rotation of corn and soybeans. Fertilizer
was primarily applied as poultry litter in February and March. Due to intensive
agriculture in the section of the watershed upstream of our study reach, the stream had
straightened, was overly incised, and experienced abnormally high sediment loads.
Consequently, the site was restored in 2012 using a Natural Channel Design (NCD)
approach.?” Restoration entailed the installation of cross-vanes — channel spanning
boulder structures — to reduce erosion and create step-pool-riffle geomorphology. As part
of restoration activities, the riparian zone was also regraded for an approximately 5 m
zone extending out from the edge of the channel to create an inset floodplain, which
entailed removal of vegetation and topsoil. Following regrading, the riparian zone was re-
vegetated using a combination of seeding of herbaceous vegetation and live stakes of
deciduous trees. Riparian zone soil is primarily sandy clay. Land use in the 1.43 km?
drainage area is 54% agricultural (row crops [corn, soybean, and alfalfa], hay, and
pasture), 26% forested, 14% herbaceous, 5% developed land, and 1% open space

composed mainly of lawns, parks, and golf courses.
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1

2

z Site Instrumentation

Z The site was instrumented with a network of in-stream and riparian piezometers
273 (Fig. 1a). In the riparian zone, 10 nests of piezometers were installed, containing 2-3

9

1(1) piezometers with 20 cm screens and one well at various depths. Piezometers were

:g installed to approximately 50 cm depth increments until refusal in the field to a maximum
12 depth of 275 cm below ground surface. Piezometers and wells were constructed from

16

1{73 1.27 cm and 5.1 cm inner diameter (ID) polyvinyl chloride (PVC) pipe, respectively. At
;g each riparian piezometer nest, a static chamber was installed for measuring greenhouse
;; gas fluxes at the soil-atmosphere interface. The static chamber was a PVC container 37
gz cm high and 27 cm in diameter. It was inserted 10 cm into the ground. Piezometer nest
;? locations and site topography were surveyed using a Trimble M1 total station

;S (Westminster, CO; Fig. 1a). Continuous HOBOware water level loggers (model #U20-
2(1) 001-02-Ti, Onset Computer Corporation, Bourne, MA), which recorded water levels

32

gi every 15 minutes, were installed in a 5.1 cm slotted PVC pipe in the upper riparian zone
22 and in an in-stream pool. A corresponding HOBOware smart barometric pressure

2573 datalogger (model #S-BPB-CM50) was installed in the upper riparian zone to complete
39

2(1) pressure correction.

fé The site was also instrumented with an AcuRite precipitation gage (Primex

fé Family of Companies, Geneva Lake, WI) to measure precipitation depth. Daily

%Z precipitation data was downloaded from National Oceanic and Atmospheric

:g Administration (NOAA) for use in antecedent precipitation calculations.’® Because 15-
g; minute interval precipitation data was not available from NOAA, we also downloaded
gi continuous rainfall data from Weather Underground (station ID: KNCDOBSO3, Fisher
s

57

58

59 7
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Park, located 4.5 km south of the field site) to create continuous precipitation

hyetographs.?’

Hydrology and Biogeochemistry Methods

Hydrology and water chemistry were assessed once for baseflow conditions
(7/1/15; Fig 1b) and at 24 and 72 hours following precipitation events for three storms of
different magnitudes (1.65, 3.15, and 6.35 cm) during the summer of 2015 (Fig. 2).
Representative summer baseflow hydrologic conditions were measured following 3 days
with no rainfall. During baseflow and post-storm sampling, water level was measured
manually in each piezometer using a Solinst Model 102M Mini Water Level Meter
(Solinst, Gerogetown, ON). Following water level measurements, water samples were
extracted from each riparian and stream piezometer and well and collected in acid-
washed 140-mL polypropylene sample cups. A water sample was also collected from the
stream. Wells and piezometers were capped between sampling events. At each site,
saturated hydraulic conductivity was also measured, following Freeze and Cherry 1979.40

Water samples were transported to the laboratory on ice in a cooler. Water
samples were filtered within 24 hours using 0.7 mm Whatman GF/F filters (Whatman,
Inc., Florham Park, NJ) and frozen until analysis. Samples were analyzed for NOj5~,
ammonium (NHy4"), and orthophosphate (PO4*") using a SEAL AQ2 Discrete Analyzer
(SEAL Analytical, Inc. Mequon, WI). Concentrations of NO3;™-N, NH4"-N, and PO4*-P
were determined using cadmium reduction (AQ2 Method EPA-114-A), the phenol
method (AQ2 Method EPA-103-A), and ascorbic acid method (AQ2 EPA-118-A),

respectively.*!-4 Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN)
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were determined on a Shimadzu Total Organic Carbon Analyzer with TNM attachment
(Shimadzu Inc., Kyoto, Japan) via high-temperature combustion.

During greenhouse gas sampling, an airtight lid containing a sampling septum
was installed on each chamber.** Five 15-mL headspace samples were collected in 30-
mL syringes at 20-minute intervals over an 80-minute timespan. Samples were stored in
10 mL pre-evacuated vials. At the time of gas sampling, soil temperature was obtained
via an Oakton Acorn Thermocouple Digital Thermometer (model # 2630650, Hach,
Loveland, CO, USA) in the top 5-10 cm of the soil profile. Soil cores (approximately 30
cm?) were collected in the top 5 cm of soil adjacent to the flux chamber to determine
volumetric soil moisture in the laboratory by obtaining the difference in field-moist
versus dried soil weight (72 hours in the drying oven at 60°C).

Greenhouse gas sample analysis was completed within two weeks of collection.
Concentrations of CO,, CHy, and N,O were determined using a Shimadzu GC-2014® gas
chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with a flame ionization
detector (FID) and an electron capture detector (ECD) interfaced with a CombiPal
autosampler (LEAP Technologies, Carrboro, NC). Greenhouse gas fluxes were computed
as the change in concentration of gas over time multiplied by the chamber volume
divided by soil area.*> Greenhouse gases were also expressed in terms of 100-year CO,
equivalent global warming potential, which entailed multiplying the mass of the gas by

the global warming potential for each gas over 100 years (298 for N,O and 25 for CHy).4¢

Mapping and Statistical Analysis Methods



oNOYTULT D WN =

Environmental Science: Processes & Impacts

Maps of riparian groundwater height were created in Grapher (Version 10,
Golden Software, Golden, CO). Hydraulic head was calculated as the sum of elevation
head and pressure head at each piezometer location above a datum. Lateral hydraulic
gradients through the riparian zone were determined via the change in hydraulic head
over the distance between piezometers in the cross-section, while groundwater flow was
calculated using the one-dimensional form of Darcy’s Law.4’

Analysis of riparian zone GHGs and water chemistry involved splitting the
riparian area into two zones — “near stream” (NS; regraded inset floodplain) and “upper
riparian zone” (UP; mid and near-field riparian piezometers). Each of these zones
contained 5 nests of piezometers, with 5 associated static chambers (Fig. 1a). Nutrient
percent removal (removal efficiency) was calculated by subtracting average near-stream
nutrient concentrations from average upper riparian nutrient concentrations, dividing by
average upper riparian nutrient concentration, and multiplying by 100.48-3° Normality of
data was tested via the Shapiro-Wilk W test>!; distributions of all GHG and water
chemistry data in both near-stream and upper riparian locations were determined to be
non-normal. Therefore, nonparametric Kruskal-Wallis H tests and post-hoc Wilcoxon
tests>2 were conducted to determine differences in GHG and dissolved solute
concentrations in the near-stream and upper riparian zones between time points (24-72
hours) following each storm event and baseline conditions. Spearman’s rho (r;)
correlation coefficients>3 were used to determine the strength and direction of monotonic
relationships between GHG concentrations, water chemistry, environmental parameters
(soil moisture, water table height, soil temperature) and storm magnitude. When

conducting Spearman’s rho correlation analysis, one measurement for each nest was used

10
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(e.g., all water chemistry data from piezometers at each nest was averaged and included
as one value in the correlation); samples were treated as randomized for the purpose of
this analysis. Soil moisture distributions were normal; Analysis of Variance (ANOVA)
and Tukey post-hoc tests were used to evaluate differences in soil moisture between post-
storm periods. Linear regression was used to describe relationships between soil moisture
and biogeochemical parameters. Statistical analyses were completed in JMP (SAS
Institute Inc., Cary, NC), while graphics were created using Grapher (Version 10, Golden

Software, Golden, CO) and SigmaPlot 11 (Systat Software, San Jose, CA).

Results
Hydrology

Baseflow stream stage from June through the beginning of July was generally
0.17 to 0.18 m (Fig. 2). During storms 1 and 2, stream water levels rose to 0.68 m and
0.48 m at peak flow, respectively. Storms 1 and 2 also produced riparian water table
hydrographs that peaked 5 cm or less from the ground surface. Conversely, during storm
3, negligible changes in water table depth were observed in the riparian zone. Instead,
riparian water table levels rose gradually with stream levels in the following two days,
indicating a delayed groundwater response (Figs. 2 and 3).

Rainfall characteristics, as displayed in the hyetograph (Fig. 2), and antecedent
conditions influenced these observed riparian and stream hydrograph responses. Rainfall
during storm 1 was of moderate intensity (maximum: 3 mm hr!, average 1.23 mm hr')
and duration (approx. 35 hours), for a total of 3.15 cm of rain (Table 1), which led to

synchronous stream and riparian zone peaks in stage (Fig. 2). Though storm 1 did not

11
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have the highest magnitude, it did have the highest 14-d antecedent rainfall (10.46 cm),
leading to the highest average water table height across the riparian zone at 24 hours
following storm 1 (Fig. 3). Storm 1 produced the highest riparian hydraulic gradient and
greatest groundwater flux (Table 2). Water table mounding was also most pronounced at
nest 7 following storm 1 (Fig. 3a-b).

Storm 2 demonstrated higher total rainfall (6.35 cm; Table 1) but had a lower
intensity (maximum: 2.3 mm hr!, average: 0.62 mm hr!) and longer duration (approx. 82
hours), producing multiple smaller peaks in the stream hydrograph (Fig. 2). The riparian
hydrograph for this storm also presented a similar 2-peak pattern, with a much larger
second peak. Storm 3 was the storm with the highest maximum and average intensity (5.1
mm hr! and 2.4 mm hr!) but was short duration (2 hours) and low magnitude (1.65 cm;
Table 1). This storm, which produced a small stream peak and no riparian response at the
location of the water level logger (Fig. 2), occurred latest in the season, in mid-July, and
had the lowest 14-d antecedent rainfall conditions (6.90 cm). Riparian water table height,
hydraulic gradient, and groundwater flux was lowest following storm 3 (Fig. 3, Table 2).

Water table height generally increased with increasing precipitation (Fig. 1b, 2,
and 3). Soil moisture was significantly (p<0.05, ANOVA) higher than baseline
conditions at all post-storm time points. Variation in soil moisture responses at 24 and 72
hours post-storm occurred with storm event magnitude (1.65 cm, 3.15 cm, and 6.35 cm)
and duration (Table 1). Though variation in soil moisture was observed over time, soil
moisture was consistently higher in the near-stream regraded inset floodplain (NS) than
in the upland riparian section (UP) during both time periods (24 and 72 hours) after all

storm events.

12



Page 13 of 41

oNOYTULT D WN =

Environmental Science: Processes & Impacts

Riparian Water Chemistry

Following storm 1 (sample dates: 6/10/15-6/12/15), agricultural field edge (nest 1
and nest 6) NO;™ concentrations were the highest post-storm (median: 24.2 mg N L),
driving the elevated median upper riparian NOs- concentrations (12.52 mg N L-!, Fig. 4b).
Upper riparian median NO;5™ concentrations were significantly lower following storm 2
and storm 3 than concentrations measured following storm 1 (1.46 and 0.88 mg N L-! and
p=0.0007 and p < 0.0001, storms 2 and 3, respectively [Kruskal-Wallis and Wilcoxon
post-hoc]). Despite differences in upper riparian NO5~ concentrations, NO;- removal
capacity of the riparian zone remained consistently high, ranging from 89-96% (Table 2).
Near-stream mean NOj™ concentrations (0.3 to 0.8 mg N L-!) were low across storms,
time points, and baseflow conditions (Fig. 4a). Total dissolved nitrogen concentrations
followed a similar pattern, with high TDN in the upper riparian zone and lower TDN
concentrations near-stream (Fig. 4c-d).

In the upper riparian zone, SRP was higher following storm 1 than for baseflow
conditions, storm 2 and storm 3 (Fig. 4f, p = 0.0002, 0.0228 and <0.0001, respectively).
Differences in SRP between storms occurred in the near-stream zone (Kruskal-Wallis H
test, p<0.0001); SRP was significantly higher at 24 hours post-storm 1 and 72 hours post
storm 3 than for all other time points (Fig. 4e). However, a much wider range of SRP
removal (9 to 89%) than NO;5™ removal was observed (Table 2). SRP removal rates over
80% were associated with intermediate groundwater fluxes (6.4 to 8.2 L d*!).

In the near-stream zone, a positive linear correlation was observed between SRP

concentration and soil moisture (R>=0.16, p = 0.0179). Over the whole riparian zone,

13
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SRP concentration was correlated to water table height (r; = 0.28, p=0.0177). A
significant positive relationship also existed between SRP concentration and N,O flux (1,

=0.43, p=0.0002; Table 3).

Greenhouse Gas Fluxes

Though CO, emissions in both the near-stream and upper riparian zone following
storm events were comparable to representative background fluxes, shifts in
consumption-emission dynamics relative to baseflow sampling occurred for both CH4
and N,O fluxes (Fig. 5). Values above “0” indicate GHG emission is occurring from
riparian soils (source), while values below “0” represent GHG consumption (sink). In
terms of N,O, the upper (UP) riparian zone shifted from sink to source following all three
storms as compared to baseflow conditions. However, the source strength varied between
storms; emissions were significantly higher (Kruskal-Wallis H test, p=0.02) 24 hours
post-storm 1 than during both 24 and 72 hours post-storm 3 (Fig. 5b, Wilcoxon post hoc,
p=0.0122 and 0.0122, respectively). The near-stream riparian zone served as a weak
source (e.g., storm 2, 24 hours) or as a sink for N,O (e.g., storm 2, 72 hours, Fig. 5a).

The near-stream (NS) riparian zone exhibited a shift in sink to source for CHy,
The storm with the greatest precipitation (storm 2) had the greatest mean CH, flux at 24
hours post-storm (42 mg C m d-!) compared to other storms (range of means at other
time points: -18 to 9 mg C m2 d!), though this difference was not statistically significant
(Fig. 5¢). The mean value was driven by a hot spot of CH,4 release at nest 8, and the
median was lower, at 8.8 mg C m? d-!. Conversely, the upper riparian zone often served

as a sink for CHy (Fig. 5d).

14



Page 15 of 41

oNOYTULT D WN =

Environmental Science: Processes & Impacts

Changes in water chemistry, water table height, and storm magnitude correlated
to GHG fluxes. Across the riparian zone, N,O emissions were significantly correlated to
TDN and NOjs™ concentrations (Spearman’s rank; TDN: r, = 0.44, p = 0.0002, and NO;5™ :
rs=0.47, p <0.0001) and water table height (r; = 0.35, p = 0.0025) (Table 3). A
significant inverse relationship between N,O and CH4 emissions was also observed (1 = -
0.24, p = 0.0470). Overall, CO, flux decreased with increasing storm magnitude (rs = -
0.26, p = 0.0279) (Table 3).

When expressed in total CO, equivalents (COxq), CO, comprised the majority of
COy¢q GHG emissions in the riparian zone (Fig. 6a). At baseflow conditions, N,O
contributions to average riparian GHG emissions were negligible in the near-stream
(0.02% of COyq) and upper riparian zones (-0.05%). Both the upper riparian zone and
near-stream zone were methane sinks at baseflow conditions (< -0.5% and <-12.9% of
COyq, respectively). However, during some post-storm time points, both N,O and CHy4
became larger contributors to CO,q. In the upper riparian zone, N,O contributed 6-10%
of GHG emissions following storm 1 (24 hours = 9.10%, 72 hours = 7.98%) and storm 2
(72 hours = 6.01%) (Fig. 6b). In the near-stream zone, CH4 emissions contributed to 27%
of the COx¢q at 24 hours post-storm 2 and 5% of CO,q at 72 hours following storm 3
(Fig. 6¢). Highest absolute GHG flux (in terms of CO,q) occurred 24 hours following
storm 3, though on a statistical basis, this time point was not significantly different. At
this time point, CO, emissions comprised the majority of COyq, as net riparian CHy
emissions were negative and N,O emissions were less than 1% of CO,q. Overall, net

riparian GHG emissions at baseflow conditions and following storms were positive.

15
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Discussion
Impact of Storm Characteristics and Antecedent Precipitation on Site Hydrology
Both antecedent conditions and precipitation characteristics (intensity, duration,
and magnitude) influenced riparian water table response, hydraulic gradient, and
groundwater fluxes. Though storm 1 was of intermediate magnitude (3.15 cm), it had the
highest 14-d antecedent rainfall and the hyetograph had a pronounced peak. Following
this storm, average riparian water table height and near-stream soil moisture were higher
than for all other storm observations at 24-hours post-storm. Groundwater mounding also
occurred, which is consistent with other studies demonstrating groundwater mounding
following rapid rises in water table.>>->® Though the precipitation amount for storm 2 was
6.35 cm, the rainfall was widely distributed over the course of a few days, which led to
multiple peaks in the riparian hydrograph. The rapid occurrence of the second, larger
peak, which rose disproportionally to precipitation inputs, was expected based on
capillary action, as the water table was elevated from the first hydrograph peak.’’
Conversely, storm 3, which had the lowest recorded total rainfall amount and
lowest 14-d antecedent precipitation, had virtually no response in the riparian hydrograph
due to a lower pre-storm water table. Storm 3 occurred in mid-July, during a time of
water table recession. Water table drawdown at this time was likely occurring in response
to warmer temperatures, increased evapotranspiration, and drainage to the stream.
Groundwater fluxes and water table height were lower than baseflow conditions
following storm 3, which is consistent with studies demonstrating the large impact dry

antecedent moisture conditions may have on riparian hydrology and connectivity.’?

16
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Within this sampling period, storms above 3 cm that had 14-d antecedent rainfall
amounts of over 7 cm elicited a strong riparian groundwater table rise while other storms
did not. This suggests further study of temporal changes of riparian water table response
in agricultural Piedmont riparian zones is necessary to understand conditions under which
water tables rise disproportionately to precipitation input. Though Macrae et al. (2010)
describe a precipitation threshold for catchment hydrologic response, they note

hydrologic responses are often variable and non-linear, meriting further study.>’

Impact of Storm Intensity and Antecedent Precipitation on Nutrient Chemistry
High agricultural field edge and upper riparian NO5™ concentrations which
occurred at the beginning of the summer season likely represented export of NO;- that
had accumulated on the field and in groundwater via nitrification during the late
spring/early summer period. Other studies have demonstrated NO;- may accumulate
during dry periods and a flushing effect may occur during wetter conditions following
storm events.®0-62 Following storm 2, dilution began to occur as NOs~ was flushed out of
the system, culminating in lowest near-field NO;- concentrations following the final
storm measured in the season, storm 3. A similar export-dilution pattern was observed
with TDN and NH4" (ammonium data not shown). Despite the elevated near-field NO5-
concentrations, riparian N removal remained high following all storms. This is consistent
with other studies in North Carolina showing high NO;- removal (> 90%) in riparian
zones, even when high field edge NO;™ concentrations (> 5 mg N L) are observed.®3-%
Our results indicate that at our field site, hot moments of nitrogen export deliver

nitrogen to subsurface hot spots of nitrogen processing. Other studies have shown that

17
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hydrologic flowpaths may bypass areas of riparian zones that may facilitate
denitrification and suggest hydrologic alteration of sites to achieve effective nitrate
removal.”% Previous research at our field site, which includes a regraded riparian zone,
has shown that denitrification potential is higher in the regraded riparian bench than in-
stream.®’ This suggests that enhanced stream-riparian interactions through stream bank
regrading may play a key role in overall NO;  removal following storms. Other research
has demonstrated that restored inset floodplains remove more N than naturalized
floodplains following storm-induced inundation events.®® Additionally, studies have
shown that post-storm denitrification rates in restored floodplains may be higher than
those in wetlands,%® and that restored connected stream banks that promote flooding
following storm events have higher denitrification rates than restored unconnected stream
banks.”? This indicates cumulative impacts of restoration design and storm characteristics
may influence the degree of nitrate removal or export.

Soluble reactive phosphorus retention was more variable, ranging from negligible
removal (9%) during storm 3 to high removal (89%) 72 hours after storm 2. Other studies
have reported high variability in SRP removal in riparian zones, with some sites reported
to be sources of SRP to the stream (negative removal) and other moderate sinks (50%
removal).”! In the stream, high SRP concentrations (> 0.1 mg L! and 0.25 mg L") were
observed following storm 1 and storm 3, respectively. This is consistent with the release
of SRP from agricultural soil to the stream due to seasonal soil saturation, flooding, and

high precipitation magnitude.”>74
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Impact of Storm Intensity and Antecedent Precipitation on GHG Dynamics at the
Soil-Atmosphere Interface

Shifts in summer season GHG source-sink dynamics occurred following storm
events; the upper riparian zone shifted from a sink to source of N,O and the near-stream
zone shifted from a sink to source of CH,. Shifts in riparian and wetland source-sink
dynamics following shifts in soil conditions have been similarly reported in the literature.
Jacinthe et al. (2015) describe a shift in sink to source CH, behavior in a low-lying
section of an agricultural riparian zone following a flooding event’”>, while Teiter and
Mander (2005) describe conditions under which riparian zones and wetlands exhibit
various sink-source behavior in CH4 and CO, emissions as a function of water table
height and soil oxic status.’® This research agrees with previous work at our field sites in
North Carolina, which has shown antecedent watershed conditions and restoration status
influence magnitude and type of GHG release following storms.”” In water-limited
environments (often unrestored riparian zones), large fluxes of CO, dominate following
storm events, however, CH4 and N,O release occurs in restored riparian saturated soils as
shifts in redox conditions occur following post-storm water table fluctuations.”’

Storm timing and magnitude also influenced the magnitude of GHG emissions.
For example, N,O fluxes were significantly higher at 24 hours post-storm 1 than at either
the 24 or 72 hour time points following storm 3. Storm 1 occurred earliest in the summer
season, had the greatest antecedent precipitation, had pronounced peaks in stream and
riparian hydrographs, and was larger in magnitude than storm 3. These factors likely led
to a smaller subsidy of NO;™ available for storm 3 at the field edge, since near-field soil

flushing occurred following storms 1 and 2. Lower N,O fluxes were likely observed due
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to the lack of N source for nitrification and denitrification, evidenced by lower NO;
concentrations, and lack of prolonged anoxia, evidenced by lower water table height.
Storm 3 also had the lowest antecedent precipitation and groundwater rise, indicating a
water-limited environment. Post-storm 3, CO, emissions were highest, though not
significantly. Based on this study, storm timing, magnitude, and antecedent conditions

are important for predicting riparian nutrient dynamics and GHG response.

Integrating Riparian Biogeochemistry Results in the Context of Thermodynamics
Overall, our results agree with the current scientific understanding of riparian
biogeochemistry, as thermodynamics dictates oxidation-reduction dynamics based on
energetically-favorable microbially-mediated reactions.”® However, though field
observations agree with thermodynamics, storm characteristics influence site hydrology,
leading to differences in biogeochemical response. Figure 7 integrates these proof-of-
concept findings into a conceptual illustration, including antecedent conditions and storm
characteristics, that lead to different biogeochemical responses. This diagram provides a
visual assessment of when biogeochemical hot moments may occur, across a gradient of
storm timing, duration, magnitude, and intensity (panel a). Panel b contains a
visualization of where hot spots of biogeochemical release may occur on the landscape.
Following storm events, water table height and soil moisture increase, leading to
an increase in microbial metabolism and CO, release in this water-limited environment.”
In this study, a storm event of high intensity and low duration and magnitude which
occurred following dry antecedent conditions in a water-limited riparian zone had the

greatest overall riparian GHG emissions in terms of COyq (Figs. 6 and 7). Other studies
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conducted in riparian zones in the southern United States have demonstrated pulses of
CO; release occur following precipitation events in water-limited environments !8-20-80
and that riparian zones located near agricultural activities have larger rates of CO,
exchange than unimpacted riparian zones.®' The negative correlation between CO,
emissions and precipitation magnitude in this study indicates that production of CO, may
decline as the local environment becomes non-water-limited.??

Following CO, release, oxygen content in soils may decrease as water continues
to fill pore spaces and denitrification occurs in the presence of NOj3- (electron acceptor)
and organic carbon (electron donor). As water tables recede, denitrification may not
progress to completion (i.e., production of N, gas) as soil pore spaces fill with O,, and
N,O, a byproduct of denitrification, is released.'®?® Large fluxes of N,O in the upper
riparian zone occurred following the storm closest to fertilizer application, a storm of
intermediate magnitude and intensity with high near-field NO;- concentrations (Fig. 7).
This study identified dissolved nitrogen (NO5- and TDN) and water table height as
important drivers of N,O fluxes (Table 3). Though high N,O fluxes occurred,
denitrification lead to high riparian zone NO5™ removal.

Following denitrification, release of SRP may occur in inundated floodplain soils
via mobilization from upper soil horizons or reduction of P-bound iron under reducing
conditions.?3-% In this study, low SRP removal was observed following storm 3,
following high CO, release. High near-stream SRP concentrations were also observed
following storm 1, concurrent with high NO;- removal and upland N,O release. SRP was
positively correlated to N,O, water table height, and soil moisture (Table 3). Other

restored floodplains, which experience frequent hydrologic fluctuations due to landscape
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setting, have demonstrated phosphorus mobilization and export.8¢-#” Flushing of near-
stream SRP and erosion of sediments, which may release sorbed particulate P into
solution, may create pollutant problems in downstream waters.’

Finally, CH, release has been shown to be driven by local soil water content.3?
Methanogenesis occurs during prolonged anoxic conditions, often in low-lying, flooded
areas with high soil moisture (such as restored backswamps,?® riparian floodplain
wetlands, 3% kettle holes,”' and freshwater fens®?). In this study, as the storm with the
greatest duration and highest magnitude had the greatest CH, release (albeit not
significantly, Fig. 7); CH4 comprised up to 26.7% of total near-stream GHG emissions (in
COyq) following storm 2 as the inset floodplain remained saturated. Adherence to
thermodynamic principles was demonstrated via an inverse relationship between N,O and
CH, release (Table 3). Merbach et al. (2002) showed higher water levels lead to
dampened N,O response and enhanced CH, release, while Bonnet ez al. (2013) described
inhibition of CH4 by NO;3™ and N,O during flooding events.’'->3 However, for other
storms and time points, CH4 production was negligible or negative. Although saturated
inset floodplains function similarly to wetlands as hot spots for CH, release, typically

COx¢q is dominated by CO, in other settings, such as forested riparian zones.**%

Conclusion

This research stresses the need to continue developing conceptual models of
systematic riparian biogeochemical behavior following storms of various timings and
magnitudes to provide direction for watershed managers and restoration practitioners who

aim to reduce potential pollutant tradeoffs in the context of local climatic conditions.
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Though riparian N removal remained high throughout the study, this removal occurred at
the expense of CO, release (storm 3), N,O release (storms 1 and 2), CH, release (storm 2)
and low SRP retention (storms 1 and 3), through possible mechanisms described above.
Though restored riparian floodplains attenuate flow, increase residence times, and reduce
export of suspended solids, particulate phosphorus, and dissolved nitrogen,’*-% pollutant
tradeoffs may exist in terms of GHG release and SRP mobilization.

Although more studies need to be conducted on dynamics of multiple water and
air contaminants of concern following storms, we propose that the conceptual diagram
depicted here (Fig. 7) can be a useful starting point to illustrate the complexities that exist
within one riparian zone under a range of hydroclimatic conditions when planning
watershed restoration projects. Though this research shows one riparian zone can have
different biogeochemical responses for three different storm types, all possible storm
types were obviously not represented in this study (e.g., high magnitude, high intensity,
high duration). Directly pertinent to this point from a management perspective,
Moorhead et al. (2008) recommend comprehensive pre and post-restoration hydrologic
assessment to account for rainfall variability.?® In particular, we argue that due to spatial
and temporal variability in environmental drivers of GHG fluxes and nutrient retention
and release, it is important to continue investigating riparian biogeochemistry during
times of varying soil moisture and water table height following storm events of different
magnitudes. Others have recognized the importance of examining the effectiveness of
restoration projects during large storms.!'% Developing protocols for monitoring riparian

zone hydrology and biogeochemistry following storms will be an essential component of
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restoration monitoring, assessment, and design, as climate change continues to alter

precipitation patterns.
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Table 1. Precipitation magnitude of each storm event (cm), and soil moisture (vol/vol +

standard deviation) at baseflow conditions (BF)* and 24 and 72 hours post-storm at the

near-stream (NS) and upper riparian (UP) zone locations.

Storm Soil Moisture (vol/vol + SD)
ID | Precipitation | Intensity Duration | NS24 hr | NS 72 UP 24 hr | UP 72 hr
(cm) (mm hr?') (hr) hr
1 ]3.15 A:1.23,M:3.0 35 0.54+0.12 | 0.36+0.08 | 0.20+0.02 | 0.17+0.01
2 1635 A:0.61,M:23 82 0.38+0.03 | 0.37£0.06 | 0.33+0.08 | 0.24+0.02
3 [1.65 A:23,M:5.1 2 0.40+0.10 | 0.34+0.06 | 0.24+0.05 | 0.21£0.05
* BF Soil Moisture: NS (0.18+0.05); UP (0.14+0.04), A=average (mean), M=maximum
Table 2. Hydrologic parameters (hydraulic gradient, groundwater flux (liters/day),
average water table height above an arbitrary datum [meters]) and nutrient (soluble
reactive phosphorus [SRP] and nitrate [NO5]) removal (percent) at baseflow (BF)
conditions and 24 and 72 hours post-storm during the three storm events studied (see
Table 1).
Storm | Time Post- | Hydraulic | Groundwater | Water Table | NO;5 SRP
ID Storm Gradient Flux (L d) Height (m) Removal Removal
(hrs) (%) (%)
BF BF 0.022 7.36 1.36 92 78
1 24 0.031 10.53 1.53 93 26
1 72 0.024 8.2 1.36 96 79
2 24 0.020 6.6 1.48 95 83
2 72 0.019 6.4 1.37 92 89
31
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24

0.013

4.44

1.22

89

51

72

0.016

5.52

1.22

92

Table 3. Significant Spearman’s Rank variables of interest; Spearman’s rho and p values

are displayed for significant relationships between environmental parameters. Parameter

abbreviations: SRP = soluble reactive phosphorus, WT = water table, N,O = nitrous

oxide, TDN = total dissolved nitrogen, NO;5™ = nitrate, CH, = methane, CO, = carbon

dioxide.

Variable By Variable Spearman’s rho p value
SRP WT height 0.28 0.177
SRP N,O 0.43 0.0002
SRP TDN 0.51 <0.0001
SRP NO;5 0.39 0.0010
TDN N;O 0.44 0.0002
NO;y N;O 0.47 <0.0001
NO;5 TDN 0.90 <0.0001
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-0.24

0.0470

CO;

Storm magnitude

-0.26

0.279
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Figure 1. (a) Riparian topography, expressed in meters (m) above an arbitrary datum. Locations of
individual in-stream piezometers and riparian nests (black circles) and water level loggers (gray circles) are
displayed. Upper riparian (UR) piezometer nests are located on the hillslope and near-field (IDs: 1, 2, 4, 6,
7). Near-stream (NS) piezometer nests are located in the regraded section of the riparian zone (IDs: 3, 5, 8,
9, 10). Restoration structures (cross-vanes) are shown. The dashed line corresponds to a surveyed riparian

stream cross-sectional profile. (b) Baseflow water table elevation contours in m above an arbitrary datum
(lowest point on the streambed). Arrows show the direction of water flow.
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26 and riparian zone water level (m below ground surface, denoted by negative water level values, gray line).
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period in June - July 2015 is also displayed. Storm 1 (3.15 cm), storm 2 (6.35 cm), and storm 3 (1.65 cm),
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29 the riparian hydrograph indicate sampling times. Note: Precipitation hyetograph is based on a weather
30 station 4.5 km away from the sites, so displayed absolute precipitation amounts are slightly different than
31 amounts obtained from precipitation gages installed on-site.
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Figure 3. Riparian water table elevations, expressed in meters (m) above an arbitrary datum at 24 and 72
hours following three storms (Storm 1 [a, b], Storm 2 [c, d], and Storm 3 [e, f]). Arrows represent the
general direction of groundwater flow. Groundwater mounding typically occurred at nest 7.
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Figure 5. Boxplots (mean [black circle], median, 25% and 75 percentiles [box] and 5th/95t percentiles
[whiskers]) showing fluxes of greenhouse gases (GHGs: carbon dioxide [CO>], methane [CH4], nitrous oxide

[N2O]) at the near stream (NS) and upper riparian (UP) zone locations at 24 (gray box) and 72 (white box)
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Differences in Biogeochemical
Response: One Riparian Zone,
Three Storm Scenarios

AGRICULTURAL UPPER
FED  N,O  Riparian

Flushing
from the
field

INSET
FLOODPLAIN

co,

CH,

b
Close to /“ N,O release,
fertilization, NO; flushing,
colder, wetter SRP release
WT: Large peak
ANTECEDENT
CONDITIONS

CO, release,
Low SRP removal
WT: Low response

Farther from
fertilization,

warmer, drier L]

CH, release,
WT: Multiple
smaller peaks

[Low

Duration + magnitude

s

igh

Intensity

Low |

a

\ STORM CHARACTERISTICS \

Figure 7. Conceptual model for three different storms, illustrating that storm types across a range of
antecedent conditions, duration, magnitude, and intensity may have different biogeochemical responses.
This diagram serves as a simplified illustration of the capacity for riparian zones to have different
biogeochemical responses across a range of conditions (a) and indicates where potential "hot spots" of
nutrient/gas mobilization and export may occur (b). The background pattern of each descriptive
hydrologic/biogeochemical response box in diagram a corresponds to the pattern used in greenhouse gas

flux arrows and nutrient circles in diagram b. Abbreviations: CO, = carbon dioxide, CH4 = methane, N2O =
nitrous oxide, NO3~ = nitrate, SRP = soluble reactive phosphorus, WT = water table.
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