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Summer storms trigger soil N,O efflux episodes
in forested catchments
E. M. Enanga’, I. F. Creed’, N. J. Casson', and F. D. Beall?

1Department of Biology, Western University, London, Ontario, Canada, 2Great Lakes Forestry Centre, Natural Resources
Canada, Sault Ste. Marie, Ontario, Canada

Abstract Climate change and climate-driven feedbacks on catchment hydrology and biogeochemistry
have the potential to alter the aquatic versus atmospheric fate of nitrogen (N) in forests. This study
investigated the hypothesis that during the forest growth season, topography redistributes water and
water-soluble precursors (i.e., dissolved organic carbon and nitrate) for the formation of gaseous N species.
Soil nitrous oxide (N,0) and nitrogen (N,) efflux and soil physical and chemical properties were measured in a
temperate forest in Central Ontario, Canada from 2005 to 2010. Hotspots and hot moments of soil N,O and
N, efflux were observed in topographic positions that accumulate precipitation, which likely triggered the
formation of redox conditions and in turn intercepted the conversion of nitrate N flowing to the stream

by transforming it to N,O and N,. There was a strong relationship between precipitation and N,O efflux
(y=0.44x"?%, »=0.618, p < 0.001 in the inner wetland; y = 1.30x'"'® = 0.72, p < 0.001 in the outer wetland)
and significantly different N,:N,O ratios in different areas of the wetland (19.6 in the inner wetland and 10.1 in
the outer wetland). Soil N,O + N, efflux in response to precipitation events accounted for 16.1% of the annual
N input. A consequence of the higher frequency of extreme precipitation events predicted under climate
change scenarios is the shift from an aquatic to atmospheric fate for N, resulting in a significant forest

N efflux. This in turn creates feedbacks for even warmer conditions due to increased effluxes of potent
greenhouse gases.

1. Introduction

More than one half of Canada’s non-Arctic land base [Canada’s National Forest Inventory’s, 2013] and about
one third of the U.S. [Smith et al., 2009] is forested. Despite recent decreases in anthropogenic N emissions
[e.g., Kothawala et al.,, 2011; International Joint Commission, 2012; Eshleman et al., 2013], elevated N levels
continue to affect temperate forests [Sirois et al., 2001; Lovett and Goodale, 2011]. Atmospherically deposited
N in forests can be stored in the soil, transformed by organisms, exported in dissolved forms to surface
waters, or exported as nitrous oxide (N,0) and dinitrogen (N,) gas to the atmosphere through denitrification
[Pardo et al., 2011]. Forest soils may contribute substantial amounts of N,O [Ambus and Roberston, 2006]. A
predictive understanding of the fate of atmospherically deposited N is important because exports to aquatic
and atmospheric systems can have negative effects on society—e.g., global warming, ozone depletion
resulting in UV depletion, and degraded drinking water quality. However, scientific understanding of
N cycling has not kept pace with other biogeochemical processes due to spatial and temporal heterogeneity
[McClain et al., 2003] and the methodological challenges of measuring and estimating N,O fluxes [Groffman
et al., 2006].

Recent observations suggest that the frequency of intense and heavy precipitation events has increased in
many areas of North America and Europe [Intergovernmental Panel on Climate Change, 2013]. Precipitation
influences soil water availability that in turn regulates soil N cycling rates and pathways on landscapes
[Lohse et al., 2009]. Precipitation-induced saturation of soils results in low O, concentrations, causing low
redox potentials that favor N,O production, and prolonged saturation can lead to further reduction of N,O
to N, [Gambrell and Patrick, 1978] (Figure 1). Several studies have reported increased N,O production with
increased precipitation using modeling techniques [Li et al, 1992], laboratory experiments [Rubol et al.,
2012; Hall et al., 2014], and field experiments [Vilain et al, 2010]. Precipitation that reaches the forest
floor is redistributed due to topography [Zhu et al, 2014], and so topography plays an important role in
regulating not only soil nutrient pools but also soil temperature, moisture, and redox, thereby influencing
microbial biomass and N cycling processes [Ambus, 1998; Hazlett and Foster, 2002; Gu et al, 2011;
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Figure 1. Conceptual figure showing the relationship between reduction-oxidation (redox) potential conditions and the
end products of denitrification (modified from Kralova et al. [1992]).

Stewart et al, 2014]. A predictive understanding of the links between precipitation, topography, and soil
properties that regulate soil N cycling processes may lead to improved estimates of soil N,O efflux from
natural landscapes [Creed et al.,, 2013; Duncan et al., 2013; Anderson et al., 2015].

The purpose of this study is to explore topographic controls on temporal and spatial patterns of redox poten-
tial and their relation to N,O and subsequent N, production along a hillslope during the growing season in a
temperate forest. It was hypothesized that during the snow-free season, topography redistributes water and
water-soluble precursors of the formation of gaseous N species (dissolved organic carbon (DOC) and nitrate
(NO3 ™)), creating hotspots of soil N,O efflux in topographic features that become hot moments in response
to storms. To test the hypothesis, the following questions were asked: Q1: How does soil N;O and N, efflux
vary with topographic feature (uplands, lowlands, wetlands)? Q2: How do variations in the soil physical
(temperature, moisture, redox potential) or chemical (DOC and NO3 ™) properties within topographic features
relate to soil N,O efflux? Q3: Do episodic variations in the soil physical or chemical properties caused by
summer storms correlate with changes in the rates of soil N,O efflux? The hypothesis and associated
questions were tested in the forested landscape of the Great Lakes-St. Lawrence forest region at the northern
edge of the temperate forest biome of North America.

2. Materials and Methods
2.1. Study Area

The Turkey Lakes Watershed (47°03'00"N and 84°25'00"W) is a 10.5 km? long-term experimental watershed
located at the northern edge of the Great Lakes-St. Lawrence forest region near the eastern shore of Lake
Superior in the Algoma Highlands of Central Ontario, 60 km north of Sault Ste. Marie (Figure 2) [Jeffries et al.,
1988]. The watershed is characterized by a continental climate, with a mean total annual precipitation of
1189 mm and mean annual temperature of 4.6°C based on a 30-year (1981-2010) data record from the
meteorological recording station located just outside the watershed. Total annual precipitation and stream
discharge have generally decreased over this 30 year time span [Mengistu et al., 2014] in response to a gradual
increasing trend in mean annual temperature (Figure 3). The watershed rests on Precambrian silicate green-
stone formed from metamorphosed basalt. Topographic relief is about 400 m, ranging from 644 m at the
apex of Batchawana Mountain to 244 m at the outlet of the Batchawana River that drains into Lake
Superior. A thin discontinuous glacial till of varying depth overlays the bedrock, ranging from < 1m in high
elevation areas to 1-2m in lower elevation areas and occasionally as much as 65 m in bedrock depressions.
The podzolic soils in the tills are generally thin and undifferentiated near ridges, which gradually thicken,
differentiate, and increase in organic content on topographic benches and toward the stream, and there
are highly humified organic deposits in wetlands [Canada Soil Survey Committee, 1978]. The watershed is
covered by an uneven-aged forest, including mature to overmature trees and some areas of old growth,
which is dominated by 90% sugar maple (Acer saccharum Marsh.), dotted with patches of white pine (Pinus
strobus L.), yellow birch (Betula alleghaniensis Britton), ironwood (Ostrya virginiana (Mill.) K. Koch), white
spruce (Picea glauca Moench Voss.), and red oak (Quercus rubra L.) in upland areas [Wickware and Cowell,
1985]. This study is a companion to one that focused on topographic effects on soil carbon dioxide efflux
from the same watershed [Webster et al., 2008a, 2008b].
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Figure 2. Map of the Turkey Lakes Watershed near Sault Ste. Marie, Ontario, Canada.

2.2. Experimental Design

Within the Turkey Lakes Watershed, catchment 38 (c38) occupies an area of 6.33 ha and includes a major
wetland (25% of catchment area) (Figure 2). Three replicate transects were established, and each was
instrumented to monitor environmental conditions and collect gas samples from sampling sites at four
topographic positions, including the inner wetland (IW), outer wetland (OW), lowlands (LOW), and uplands
(UP). Each sampling site was instrumented for continuous monitoring of soil temperature, moisture and
redox potential, synoptic monitoring of soil solution for DOC and dissolved NO3™, and synoptic sampling
of soil N,O efflux. Synoptic samples were collected from postsnowmelt in early June to presnowfall in late
September and were targeted to coincide with precipitation events, with baseline samples collected during
days without precipitation.
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Figure 3. Annual precipitation, discharge, and temperature and snow-free season (June to September) precipitation and
discharge in the Turkey Lakes Watershed from 1981 to 2010.
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2.3. Data Collection

2.3.1. Defining Topographic Features

The IW (raised centre of the wetland), OW (depressed ring around the edge of the wetland), LOW (flat to
gently sloped area at the base of the hillslope), and UP (steep area at the middle of the hillslope) were defined
using a lidar-derived 5 m digital elevation model of the c38 catchment. Five terrain derivatives were selected
to represent topographic characteristics: percent height relative to local pits and peaks, percent height rela-
tive to local channels and divides, wetness index, slope curvature, and slope gradient. These terrain deriva-
tives were used to classify LOW and UP topographic positions using a fuzzy membership function defined
based on extensive field experience of scientists working in the watershed. The wetland area was delineated
using a probabilistic approach to determine the likelihood of an area being flat or in a depression as
described in Lindsay and Creed [2006]. The boundary of the IW was determined from a ground-based survey
of the wetland on a 5 m grid. The field survey was then spatially interpolated, and the IW was defined as the
portion of the wetland with peat depths greater than 70 cm. The OW was defined as the area outside the IW
but within the delineated wetland. See Webster et al. [2011] for additional details of how topographic features
were defined.

2.3.2. Catchment Hydrology

Meteorological data including daily total precipitation and daily average air temperature were obtained from
the Canadian Air and Precipitation Monitoring Network (CAPMoN) station operated by Environment Canada
and located just outside the Turkey Lakes Watershed (47°02'06"N and 84°22'52"W). Daily discharge was
derived from continuously measured stream stage at V notch weirs. Wetland water table depth was continu-
ously measured using a water level logger (WT-HR Water Height Data Logger, TruTrack Inc., Christchurch, NZ)
at the IW position from 2005 to 2010, with positive values indicating water above the ground surface.
2.3.3. Soil Physical and Chemical Properties

Soil temperature (2006-2010), soil moisture (2005-2010), and soil redox potential (2005) were measured at
each sampling site [Webster et al, 2008a]. Redox potential was determined by measuring the voltage
between a platinum electrode and a potassium chloride reference electrode. All the instruments were wired
to data loggers (Campbell Scientific CR10X) using multiplexors, which were powered by batteries charged by
solar panels. All environmental data were collected every 5min and averaged every 30 min by the data
logger. Soil pore water samples were collected within 48h of N,O sampling using suction lysimeters
(Model 1900, Soil Moisture Corp., Santa Barbara, CA) installed at each sampling site up to a depth of 10cm
into the mineral soil or peat [Webster et al., 2008a). The samples were then filtered through 0.45 um
polysulfone membrane filters (Supor 450, Pall Gelman Science, Michigan, USA) and then analyzed for DOC
using oxidative combustion coupled with infrared detection (Shimadzu TOC-V, Tokyo, Japan) and for NO3™
using flow injection colorimetry (Lachat QuikChem 8000, Milwaukee, WI).

2.3.4. Soil N,O and N, Efflux

Ground-based static chambers [Hutchinson and Livingston, 2001] were used to monitor soil N,O efflux at each
sampling site from 2006 to 2010. Square collars measuring 45.7 X 45.7 cm (2088 cm?) were inserted 10-20 cm
into the soil. Samples were collected between 1000 h and 1400 h. Collars were placed at sampling sites for
each of the IW, OW, LOW, and UP positions on each of the three transects. Vented polyvinylchloride chambers
(14.6 L) were placed over the collars for an hour to inhibit the air turbulence during chamber placement and
to minimize pressure changes during sampling that would affect accumulation of N,O during sampling.

Nitrous oxide samples were collected at time 0, 20, 40, and 60 min from each of the collars using a 30 mL syr-
inge fitted with a needle. Prior to sample collection, the sampling tube was flushed five times with 30 mL of
air from the chamber to clear tubing of previous sample and ensure mixing of the air inside the chamber.
Nitrous oxide samples equivalent to 30 mL of chamber air were then drawn into a sampling syringe—5 mL
of the sample was flushed through the sampling needle to rinse it of any residual atmospheric air. The
remaining 25 mL of the sample was injected into sealed 12.1 mL pre-evacuated Exetainers® that contained
a small amount of magnesium perchlorate as a desiccant, which was transported to the laboratory for
analysis. Nitrous oxide concentration was determined using gas chromatography on an SRI 8610C (SRl Inc.,
Las Vegas, NV) equipped with an electron capture detector.

Nitrous oxide fluxes were determined by calculating the linear regression of the slope of N,O concentration
within the chambers with time. The N,O fluxes were scaled up to the total headspace volume derived from
the addition of chamber volume and the collar volume above the soil surface and cross-sectional area of the
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Figure 4. Soil temperature, moisture, dissolved organic carbon (DOC), and nitrate (NO3 ) from 2006 to 2010 in the inner
wetland (IW), outer wetland (OW), lowlands (LOW), and uplands (UP) topographic positions averaged across three transects.
Different letters indicate significant differences among soil characteristics by topographic position based on ANOVAs on
ranks with post hoc Dunn’s tests (p < 0.05). Numbers indicate the sample sizes (one value per day).

collar and corrected for ambient pressure and temperature. Only positive soil N,O efflux measurements were
included in the analysis. There were a few negative N,O fluxes (200 of 1263, 16%) that were small in magni-
tude (—0.01 to —92.10gNha~' d™"); while only positive N,O measurements were included in the analysis,
inclusion of both positive and negative measurements did not change the final results (data not shown).

Dinitrogen fluxes were estimated using the acetylene inhibition technique [Tiedje et al., 1989] in the topo-
graphic positions where N, production would be likely (i.e., IW and OW) based on low redox conditions
and low oxygen levels [Morse et al., 2015]. Twenty-five square metal collars (45.7 x 45.7 cm) were installed: five
controls and 10 treatments in each of the IW and OW positions. The collars were left to settle for a year before
gas samples were collected in July 2010. Soil moisture content within each collar was manipulated with
simulated precipitation equivalent to 10 mm using deionized water prior to acetylene treatment. The five
control collars had no acetylene added, and samples were collected at 15 min intervals for one hour similar
to the treated collars. The 20 treatment collars were subjected to a 30% acetylene volume relative to

ENANGA ET AL.

STORMS TRIGGER N,O EFFLUX IN FORESTS 99



@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2015/G003027

1000
< 8001
E
] 600 up LOW
8 4001 %é
[e]
o
X 200 W ow
he}
[0}
4 04
%
@ 200
-400 : : :
0 20 40 60 80

Soil Moisture (%)

Figure 5. Relationship between redox potential and soil moisture condi-
tions. The centroids show the mean redox potential and soil moisture for
each topographic position, with the ends of the branches showing each
observed value. The shaded area represents the range of redox potentials
appropriate for N>O production.

103
B A BC c
L]
L]
102 1 H
: = °
% ' T -
- LJ
s T i 3
(22}
x 1071 | T
o
o, 4
Z L]
J :
|
10° A | s
° [ ]
[ ]
L]
° L]
72 72 65 64
107"
w ow LOW uP

Figure 6. Soil N>O efflux from 2006 to 2010 in the inner wetland (IW),
outer wetland (OW), lowlands (LOW), and uplands (UP) topographic
positions averaged across three transects. Different letters indicate
significant differences among soil N,O efflux by topographic position
based on ANOVAs on ranks with post hoc Dunn'’s tests (p < 0.05). Numbers
indicate the sample sizes (one value per day).

headspace volume. The 30% acetylene
was selected from a 10% incremental
range from 0 to 50 % based on a field-
based optimization experiment that
showed the most rapid increase in N,O
to reach a maximum within 1h
(data not shown). Acetylene gas was
allowed to percolate into the soil for
one hour, after which the chambers
were lifted off the collars and aired
out. The chamber was replaced on
the collar, sealed by adding water to
the grooves on the collars, and gas
samples were collected immediately
after placing the chamber onto the
collar and at 15min intervals for 1h.
Dinitrogen was estimated as the differ-
ence in N,O produced from the
acetylene treated and untreated (con-
trol) collars, and the N,:N,O ratio was
calculated.

Atmospheric N deposition measure-
ments have been collected at the
CAPMoN since 1981. Wet deposition
measurements were collected using a
wet-only precipitation chemistry sam-
pler, and samples for daily air chemistry
measurements were collected using filter
packs. Dry deposition values were calcu-
lated using daily deposition velocities
[Sirois and Vet, 1988]. The CAPMoN air
concentration measurements included
nitrate (NO3;~) and ammonium (NH,™).
Nitrate, nitric acid (HNO;), and NH,*
measurements were determined from
precipitation and dry air [Sirois and Vet,
1988]. Total organic N was estimated as
15% of total N, based on average
regional deposition of total organic N
[Dillon et al., 1991].

To calculate the total annual N,O+ N,
efflux caused by precipitation, the rela-
tionship between precipitation and
N>O efflux was used to estimate N,O
efflux for all days where precipitation
exceeded 3mm and the water table
depth was less than 10 mm from 2005
to 2010 in all topographic positions
where there was a significant relation-
ship and the N,:N,O ratios were used
to estimate N, efflux. The daily fluxes
were multiplied by the area of each
position and then summed to give a
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Table 1. Spearman Rank Correlations Between Soil N,O Efflux and Soil Physical and Chemical Properties in the Inner Wetland (IW), Outer Wetland (OW), Lowlands
(LOW), and Uplands (UP) Topographic Positions®

W ow LOW up
Control Variable r p r p r p r P
Water table depth (mm) 0.111 0.353 —0.308 0.009 0372 0.002 0.425 0.001
Soil temperature (°C) —0.115 0.374 —0.039 0.745 0.355 0.004 0.065 0.612
Moisture (%) 0.098 0.453 —0.288 0.014 0.264 0.034 0.342 0.006
Soil pore water NO3 0443 0.021 0.404 0.055 —0.103 0.653 0.000 0.989
Soil pore water DOC —0.091 0.479 0.182 0.196 0.031 0.840 0.156 0.360

@Bolded values indicate significant relationships (p<0.05).

total N,O + N, gaseous export in response to precipitation during the forest growth season for each year. The
proportion of N deposition that was N efflux was then calculated and averaged from 2005 to 2010.

2.4. Data Analyses

Daily soil temperature, moisture, and DOC, NOs; ™, and N,O efflux measurements from the three transects were
averaged to give one value per day per topographic position and then compared using analyses of variance
(ANOVAs) on ranks with post hoc Dunn's tests (p < 0.05). The relationships between soil N,O efflux and water
table depth, soil temperature, soil moisture, DOC, and NO3~ were investigated using Spearman rank correlations.

The relationship between precipitation and N,O efflux was assessed using nonlinear regression with a power
function for all four topographic positions. To determine the effect of storm events on soil N,O efflux, the rela-
tionship between precipitation and N,O efflux was investigated by defining effective precipitation as the
amount of precipitation that fell on the same day that the soil N,O efflux was measured and on the preceding
day (to capture overnight precipitation). Days when precipitation exceeded the forest canopy interception
capacity (>3 mm) and when the water table depth was < 10 mm above the ground surface were used to iso-
late the effects of the effective precipitation event and ensure there was not excessive standing water in the
wetland. An analysis of covariance (ANCOVA) was performed to determine if the effective precipitation versus
N,O relationship varied among topo-

0 ¥ VI { ! T graphic positions. Monte Carlo simula-

tion was employed to estimate the
20 potential distribution of N, efflux using
T 401 the observed soil N,O efflux values and
E N»:N,O ratios determined using acety-
s 60 1 lene inhibition experiments. Statistical
:g_ analyses were performed in SigmaPlot
® 801 v. 12, SPSS v. 22, and Microsoft Excel.
o
1007 3. Results
120 . . . . . 400 3.1. Catchment Hydrology
L 200 There was a declining trend in precipita-
o tion and discharge in the Turkey Lakes
£ 0 Watershed since 1981 (Figure 3).
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2 % H H L-800 2010 (Figure 3).
40
% H [-1000 3.2, Soil Physical and
H P & S
. . . & S TS 1200 Chemical Properties

2005 2006 2007 2008 2009 2010 . .
Soil temperature was consistent across
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the IW and OW having significantly higher moisture than the LOW and UP (Figure 4). Unfortunately, redox
potential data were only available for 2005. In the year when redox was measured, appropriate redox condi-
tions for N,O production, namely, between —100 and +100 mV [Kralova et al., 1992]), were only found at the
IW and OW positions and only occurred when soil moisture ranged from 50 to 70% (Figure 5). In all of the years
of measurement, the soil moisture regimes at the UP position never reached the 50 to 70% volumetric water
content range, and therefore, it is unlikely that redox conditions necessary to support sustained N,O existed
at the UP positions. There was significantly more DOC in the LOW and UP positions compared to the IW and
OW positions, and there was little difference in NOs™ among the topographic positions (Figure 4).

3.3. Soil N,O and N, Efflux

There were significant differences in soil N,O efflux among the topographic positions; the OW position had
higher soil N,O efflux than all other topographic positions (Figure 6). While significant relationships existed
between soil properties and soil N,O efflux, these relationships were generally quite weak (|r| ranged from
0.25 to 0.44) (Table 1). Soil moisture patterns from 2006 to 2010 (Figure 4) closely approximated those of
the soil N,O efflux patterns (Figure 6), while DOC and NOs;™~ patterns (Figure 4) did not show a direct
association with N,O. Although the soil moisture and soil N,O efflux patterns were similar, there was less
variation in soil moisture (coefficients of dispersion of 0.24 in IW, 0.04 in OW, 0.14 in LOW, and 0.18 in UP) than
in soil N,O efflux (coefficients of dispersion of 1.08 in IW, 1.45 in OW, 1.33 in LOW, and 1.09 in UP). To inves-
tigate what other factor could be influencing soil N,O efflux, the relationship between effective precipitation
(which influences moisture) and soil N,O efflux was investigated.

Precipitation varied considerably from 2005 to 2010; years with less precipitation resulted in lower water
tables and more no flow days (Figure 7). Looking at the effect of precipitation on soil N,O efflux, there was
no significant relationship between N,O efflux and precipitation when all data were included (data not
shown). To investigate the effect of storm events on N,O efflux, days with effective precipitation events (same
day plus previous) greater than 3mm and days where water table depth was less than 10 mm were
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Table 2. Ratios of N, to N,O in the Inner Wetland (IW) and Outer Wetland (OW) Topographic Positions Determined Using
a Field Acetylene Inhibition Experiment

Average Standard Deviation Minimum Maximum
IW (n=10) 19.585 9.659 6.831 33.616
OW (n=10) 10.056 6.265 3.986 21.785

investigated. We chose the 10 mm threshold to include all possible data when soils were not inundated. We
found that when data greater than 10 mm were included, relationships that were significant were no longer
significant. In the LOW and UP positions, there were no significant relationships between the magnitude of
effective precipitation and the soil N,O efflux from the LOW and UP positions (Figure 8). In contrast, there
were significant relationships between effective precipitation and soil N,O efflux in the IW and OW topo-
graphic positions (Figure 8). The magnitude of effective precipitation explained 62% of the variation in soil
N,O efflux from the IW position (y = 0.442x"%%* = 0.618, p < 0.001) and 72% of the variation in the OW posi-
tion (y=1.301x""%*, r»=0.721, p < 0.001). There was one 48 h period with a large storm (75 mm) and a water
table depth less than 10 mm. This data point also had the largest N,O efflux in the IW and OW positions. The
relationship between effective precipitation and soil N,O efflux still held when these points were removed
(IW: 1.33x°72', p=0.049, r* =0.309; OW: 1.864x*°°, p=0.005, * =0.523). An ANCOVA of the relationships
between the magnitude of effective precipitation and soil N,O efflux showed that there were significant dif-
ferences between the IW and OW topographic positions (d.f.= 1, F=22.16, p < 0.001) and no significant inter-
action. Same day plus previous day precipitation was used to investigate the relationship between N,O efflux
and precipitation, but there were some days
A A where the majority of the precipitation fell the
o day before sampling. Removing these days
from the investigation improved the variation
explained in the IW and OW (to 77% and 83%,
respectively) but left only six data points.

104
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The average N:N,O ratio in the IW (19.6:1) was
significantly higher than the N,:N,O ratio in the
OW (10.1:1) (Table 2). Using these ratios, the com-
bined N,O + N, efflux was higher in the IW and
OW positions compared to the LOW and UP
positions (Figure 9). Based on these ratios, the
o * effective precipitation versus soil N,O + N, efflux
s was y = 8.669x' *2* for the IW and y = 13.136x''%*
Jﬁ T for the OW. The observed N,:N,O ratios were
highly variable (IW standard deviation=9.7 and
. OW standard deviation =6.3). Using these ratios
i in Monte Carlo simulations resulted in highly
:
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variable soil N, efflux data (Table 3).

The average total N,O+N, efflux from the
catchment caused by effective precipitation
events during the snow-free season, calculated
72 72 65 64 using estimated N,O + N, per hectare based on
10" : : : : the relationship between effective precipita-

w ow LOW up tion and N,O efflux in the IW and OW positions

o oeq |

Figure 9. Soil N;O + N, efflux from 2006 to 2010 in the inner wet- and the N2:N,O ratios, multiplied by the area
land (IW), outer wetland (OW), lowlands (LOW), and uplands (UP)  of each topographic position and summed for
topographic positions averaged across three transects. In the all days with effective precipitation events,
LOW an.d _UP positions, NZ was r.u:.\t meas.ured and was a}ssgmed 0 \was 100 kg yr71. This represents 16.1 % of
be negligible due to oxic conditions. Different letters indicate . .

. . . . the average annual N input (which was
significant differences among soil N,O + N, efflux by topographic T 1 .
position based on ANOVAs on ranks with post hoc Dunn's tests ~ 9-9kgNha™ yr~" or62.7kgNyr™ for the entire
(p < 0.05). Numbers indicate the sample sizes (one value perday).  6.33 ha catchment).
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Table 3. Estimates of N, Efflux (gha ' d™') in the Inner Wetland (W) 4. Discussion
and Outer Wetland (OW) Based on Monte Carlo Simulation (10,000
Replicates) Using N,O Fluxes (n =72 for IW, n=72 for OW) and N»:N,0  Nitrogen budgets in forested catch-

ratios (n =10 for IW, n =10 for OW) ments are frequently unbalanced, with
Percentile W ow inputs exceeding outputs, and the sinks
25th 1164 730 for this excess N are the subject of much
s5th 13.58 10.24 debate. Underestimation of gaseous N
25th 35.30 34.53 losses from forest soils is a common
50th 55.51 60.30 hypothesis for this missing sink [Yanai
75th 99.48 12157 et al., 2013], but estimating N,O and N,
95th 152.96 432.03 | h | is difficul

97.5th 165.46 727.68 osses at catchment scales is difficult.

Recent studies have had success relating
topographic wetness indices to N,O and
N, efflux [Duncan et al., 2013; Kulkarni et al., 2014; Anderson et al., 2015], but substantial uncertainty remains.
In the present study, 16.1 % of the annual N input was exported as N,O and N, gas from the wetland in
response to effective precipitation events. This finding is similar to the few other studies that have included
estimates of denitrification in forested watershed N budgets, for instance, Duncan et al. [2013] found that
denitrification accounted for 16 to 27% of N inputs from an oak forest in Maryland, whereas Kulkarni et al.
[2014] found that up to half of N inputs to hardwood forests in New Hampshire were lost to denitrification.
These results reaffirm the primary role of topography in determining gaseous N fluxes, not only through
the distribution of soil moisture and thus appropriate redox conditions but also by delivering the water-
soluble reactants necessary for the denitrification reaction.

The UP and LOW positions recorded higher redox potential values (>300 mV) compared to the wetland areas;
hence, denitrification was not favored at these positions because the soils were better aerated [Kralova et al.,
1992; Foster et al., 2005; Morse et al., 2015].

The OW position experienced a large range of redox potentials, oscillating between oxic (>400 mV) and
anoxic (<400 mV). There were dry spells (redox >400mV) during which nitrification could occur [Hazlett
and Foster, 2002; Foster et al., 2005; Snider et al., 2009], replenishing the NOs~ that was depleted during
denitrification from the wet periods (redox <400 mV). Precipitation events that exceeded the forest canopy
interception capacity increased the soil moisture content in surface soils with a corresponding decrease in
redox potential while at the same time likely bringing more DOC and NOs™ through the vertical and lateral
flow of water, thereby creating conditions that favor N,O production. The relationship between the magni-
tude of an effective precipitation event and the amount of soil N,O flux was more significant in the OW
compared to the IW, probably due to the in situ production of precursors of denitrification (DOC and
NOs ™) when redox was high and from the ex situ production of precursors from upland areas that are
transported to the OW during these periods of hydrological connectivity [Cirmo and McDonnell, 1997;
Lohse et al., 2009].

The IW position experienced a narrower range of redox potentials. This may have resulted in greater
depletion of NO3~ with minimal to no in situ replenishment because redox conditions were not in the
range to promote nitrification and replenish the precursors. In addition, the location of the IW relative
to the OW position along the hillslope continuum (the IW is surrounded by the OW) ensured that the
IW's main source of inputs through lateral flow is from the OW position. The OW position may be rich
in N,O due to its rapid processing of NO3™~, which would leave the IW to receive inputs depleted in
NOs™ and rich in N,O from the OW position and lead to an increase in the denitrification processes that
further reduce N,O to N, [Gamobrell and Patrick, 1978; Wrage et al., 2001]. Further reduction of N,O to N, in
the absence of adequate NOs ™ would be favored [Wrage et al., 2001], potentially explaining the lower N,O
fluxes observed from the IW position relative to the OW position. The observed N,:N,O ratio was higher in
the IW compared to the OW positions. This suggests that water arriving to the IW is depleted in NO; ™ after
passing through the adjacent OW, and therefore, more N,O is being used as an electron acceptor and
reduced to N, in the absence of the preferred O, or NO3™ in the IW [Gambrell and Patrick, 1978]. Our esti-
mates of N,:N,O ratios were quite variable (Table 2), although well within the wide ranges reported in the
literature (Table 4). More accurate N, estimates are necessary to develop a better predictive understanding
N cycling in catchments.
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Table 4. Different Methods and Techniques That Have Been Used to Estimate N,:N>O Ratios and the Varied Results That Have Been Obtained Over the Years

Reference

Controlling Variables

Substrate

Methods

NzZNzo Ratio

Speir et al. [1999]

Land use

Litter from pine and beech forests

13 .
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Precipitation events triggered N transforma-
tion processes that led to significantly more
soil N,O efflux from the OW topographic
position. The observation that precipitation
triggers soil N,O efflux suggests that precipi-
tation influences key physical and chemical
properties that promote N,O efflux. These
responses include increasing soil moisture
content, reducing O, concentration due to
water occupying some of the soil pore
spaces that result in low redox potential [Li
et al, 1992; Liptzin and Silver, 2009; Rubol
etal, 2012].In the IW and OW, there was very
little variation in soil moisture but much
more variation in soil N,O efflux (as indicated
by the coefficients of dispersion), which sug-
gests that precipitation may be the mechan-
ism that controls soil N,O flux. Precipitation
events only triggered soil N,O efflux epi-
sodes if the event exceeded the canopy
interception capacity [Carlyle-Moses and
Price, 1999; Price and Carlyle-Moses, 2003]
and if the water table depth was less than
10 mm because at higher water table depths
nutrients would bypass the bioactive layer
and get flushed from the catchment into
the stream [Creed et al, 1996]. Water table
depths greater than 10mm above the
ground surface lead to inundated soils with
slow diffusion of N,O [Arah, 1997; Teh et al.,
2011], which may have reduced the amount
of N,O efflux to the atmosphere, due to
reduction to N, in the inundated soils.

Temperate forest soils contribute a substantial
amount of N,O and cannot be ignored in N
budgets. Studies that have measured nitrifica-
tion rates in upland versus wetland positions
in sugar maple forests have demonstrated
that the high soil moisture and consequent
low redox potential result in very low rates
of nitrification at wetland positions during
the growing season [Devito et al, 1999;
Casson et al.,, 2014]. Furthermore, nitrification
is suppressed in soils with a pH lower than
4.5 [Ste-Marie and Pare, 1999], making nitrifi-
cation an unlikely source of the observed
N,O. The NO3;™ observed at the OW position
was likely flushed from the hillslope to the
wetland during the rain event, not produced
in situ via nitrification. Chemodenitrificaiton,
another process which produces N,O, is
mainly observed in very acidic soils (pH < 4;
Kesik et al. [2006]) and thus is likely to be a
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minor mechanism at these study sites. The environmental conditions in the wetland make it very likely that the

N,O produced from these positions is a result of denitrification.

The increase in reactive atmospheric N and the inextricable link between precipitation, topography, soil
redox potential, and soil N,O efflux in temperate forests suggests that soil N,O efflux will continue to be a
substantial component of the N cycle. The finding that precipitation events trigger bursts of N,O efflux
emphasizes the interaction between long-term landscape determinants and short-term hydrological events
in creating conditions appropriate for N,O production. There is a need for more intensive monitoring of
gaseous N fluxes and coupling hydrological models to these observations to produce robust, spatially explicit

estimates of N,O and N, effluxes in temperate forested catchments.

5. Conclusion

Denitrification is a key process of the forest N cycle, with N,O and N, contributing to N transformations in the
forest soils. While denitrification occurred at all topographic positions, it was more pronounced in wetland
areas where appropriate redox conditions occur. Nitrous oxide and N, efflux from the wetland in response
to effective precipitation events accounted for 16.1% of the annual N inputs. The wetland areas had greater
potential for accumulation of denitrification precursors, mainly labile carbon (DOC) and NOs ™, due to their
relative position compared to the inclined upland areas in addition to the alternating redox potential
between oxic and anoxic zones. The environmental determinants of denitrification in forest soils operate
at different spatial and temporal scales making it challenging to derive catchment-specific estimates of
gaseous N,O and N, fluxes. Accurate estimates of these fluxes are needed both to quantify global warming
effects associated with N,O flux and to understand differences in the ways that forests process N across

gradients of topography, climate, and N status.
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