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While excessive releases of greenhouse gases (GHG: N,O, CO,, CHy) to the atmosphere due to the burning
of fossil fuel remains a concern, we also need to better quantify GHG emissions from natural systems. This
study investigates GHG fluxes at the soil-atmosphere interface in a series of 7 stream reaches (riparian
zones + exposed streambed sediment) across a range of geomorphic locations from headwaters
reaches to lowland wetland reaches. When riparian fluxes (RZ) are compared to fluxes from in-stream
locations (IS) under summer baseflow conditions, total CO,-equivalent (CO,eq) emissions are
approximately 5 times higher at RZ locations than at IS locations, with most CO,eq driven by CHy
production at RZ locations where wet conditions dominate (headwater wetlands, lowland wetlands). On
a gas-by-gas basis, no clear differences in N,O fluxes between RZ and IS locations were observed
regardless of locations (headwater vs. lowland reaches), while CO, fluxes were significantly larger at RZ
locations than IS locations. Methane fluxes were significantly higher in wetland-influenced reaches than
other reaches for both RZ and IS locations. However, GHG fluxes were not consistently correlated to
DOC, DO, NO3z~, NH,", or water temperature, stressing the limitations of using water quality parameters

to predict GHG emissions at the floodplain scale, at least during summer baseflow conditions. As
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approaches linking landscape geomorphic characteristics to GHG fluxes at the soil-atmosphere
DOI: 10.1039/c6em00162a interface offer a promising avenue to successfully predict GHG emissions in floodplains at the watershed
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Environmental impact

This study investigates GHG fluxes at the soil-atmosphere interface in a series of 7 stream reaches (riparian zones + exposed streambed sediment) across a range
of geomorphic locations from headwaters reaches to lowland wetland reaches. Total CO,-equivalent (CO,.q) emissions were approximately 5 times higher at RZ
locations than at IS locations, with most CO,q driven by CH4 production at RZ locations. However, GHG fluxes were not consistently correlated to DOC, DO,
NO,~, NH,", or water temperature. As strategies are developed to further constrain GHG emission for whole watersheds, we propose that approaches linking
landscape geomorphic characteristics to GHG fluxes at the soil-atmosphere interface offer a promising avenue to successfully predict GHG emissions in
floodplains at the watershed scale.

emissions from natural systems.® Within this context, many
studies have therefore documented GHG fluxes at the soil-

Introduction

While excessive releases of greenhouse gases (GHG: N,O, CO,,
CH,) to the atmosphere due to the burning of fossil fuel
remains a concern, we also need to better quantify GHG
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atmosphere interface in agricultural lands,* forested hillslopes,*
wetlands*® and, to some extend, riparian zones.*® However, few
studies document GHG emissions in exposed streambed sedi-
ments at baseflow and in sections of riparian zones immedi-
ately near the stream. These areas of the landscape nevertheless
generally often present higher amounts of organic matter than
hillslopes, higher water availability, and often display unique
reducing biogeochemical conditions, which makes these areas
of the landscape potential hot spot of GHG emission at the soil-
atmosphere interface.”™® Recent studies have indeed shown
that riparian zones are often hotspot of biogeochemical trans-
formations in the landscape, and that GHG losses from streams
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can be large enough to affect C and N budgets at the continental
scale.”™

From a process standpoint, GHG production in soils and
sediments (i.e., N,O, CO,, CH,) is predominantly the byproduct
of heterotrophic processes.'®'*'* Under aerobic conditions, O,
is used as an electron acceptor to oxidize organic matter (elec-
tron donor), which leads to the production of CO,. As condi-
tions become more reduced and O, progressively disappears,
NO;™ is used as an electron acceptor to oxidize organic matter
(denitrification). Although N, gas is generally produced via
denitrification, N,O is also released due to incomplete denitri-
fication in most systems. Nitrification (under aerobic condi-
tions) can also generate N,O, albeit generally at a lower rate
than denitrification (under anaerobic conditions). Under
strongly reducing conditions, CO, can be used as an electron
acceptor to oxidize organic matter during methanogenesis,
resulting in CH, production and CO, consumption.'®**** The
rate of these reactions in natural systems is predominantly
regulated by temperature, organic carbon availability (electron
donor), soil moisture/water availability, and electron acceptor
dynamics (O,, NO;~, SO,>~, CO,).1>**** However, predicting the
rate of these reactions and ultimately developing solid esti-
mates of GHG production in natural systems remains a chal-
lenge as riparian zones and stream sediments in particular are
extremely heterogenous systems.*'® For instance, some studies
have shown the existence of anoxic patches (denitrification hot
spots) in soil aggregates in globally oxic environment in riparian
soils,"” while others have shown strong vertical and horizontal
biogeochemical gradients in riparian zones.'®* In streams,
sediments in pools can be hot spots of CH, production due to
anoxic conditions associated with lower stream flow velocity
and organic matter accumulation, while sediments in riffles are
often well oxygenated and may be hot spot of nitrification and
denitrification rather than methanogenesis.*>***

In order to generalize estimates of GHG production at the
soil-atmosphere interface in riparian zones and exposed
streambed sediments at the watershed scale, it is therefore
critical to identify field scale indicators of GHG emission (e.g.
wetland influenced reaches, headwater vs. lowland riparian
areas) in addition to well known, yet poorly scalable, biogeo-
chemical indicators such as organic carbon availability, dis-
solved oxygen, or nitrate/ammonium availability. Within this
context, landscape geomorphic characteristics (topography,
headwater vs. lowland position, surficial geology) have been
shown to influence soil biogeochemistry (i.e. O, supply through
soil moisture, substrate availability such as nitrate and organic
carbon) and GHG fluxes at the soil-atmosphere interface.'>**>*
For instance, Riveros-Iregui and McGlynn (2007) showed that
landscape positions (e.g. riparian zone vs. hillslope) impacted
CO, emission in a Montana forested watershed.*® Elsewhere,
other studies indicate that upland soil environments are often
CH, sinks,” that wetlands are large CH, sources,* and that
riparian areas can significantly contribute to N,O fluxes.**

In this study, we therefore investigate GHG fluxes at the soil-
atmosphere interface in a series of 7 stream reaches (riparian
zones + exposed streambed sediment at baseflow) along
a 3.2 km stream with a range of geomorphic conditions from
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headwaters reaches to lowland wetland reaches. We aim to
determine the relative importance of riparian zones vs. exposed
stream sediments at regulating GHG emissions for each reach,
and to understand the roles of topographic location and
floodplain geomorphology in influencing GHG fluxes. Within
this context, we also discuss the dominant biogeochemical
processes driving GHG emissions at each location.

Materials and methods

To achieve the objectives above, we measured N,O, CO,, and
CH, fluxes at the soil-atmosphere interface at 35 riparian
locations (RZ) and 35 in-stream (IS) exposed streambed loca-
tions on four dates (07/16/2013, 07/25/2013, 08/15/2013, 08/29/
2013) in July-August 2013 (summer baseflow) using static
chambers, along with local biogeochemical conditions in
piezometers in a New York mountain stream.

Specifically, the study took place in Archer Creek, which is
located in Archer Creek Watershed (515 m above sea level,
43°59'32"" N, 74°14/32” W), and is a 135 ha forested catchment
(1% water, 6% forested wetland, 93% forest) located in the
Adirondack Mountains, NY (Fig. 1). Climate is cool, moist, and
continental. Between the years 1941-2007, the mean annual
temperature was 5.0 °C, the mean annual precipitation was
1046 mm, and the mean annual snowfall was 303 cm.*
Precipitation in 2013 was 12% greater than normal and was
recorded at the National Atmospheric Deposition Program/
National Trends Network Site (ID NY20) located in the Hun-
tington Wildlife Forest approximately 2.0 km from the study
stream. The surficial geology of the watershed consists of glacial
till composed of approximately 75% sand, and less than 10%
clay content.*® Upland soils are sandy loam (Becket Mundal
series) approximately one meter thick with localized areas of
deeper soil. Wetlands and valley-bottoms soils are mainly
composed of Greenwood Mucky Peats deposits 1 to 5 meters
deep.”” Archer Creek (study stream) is composed of two upper
sections (S14 and S15; Fig. 1), both of which begin as seeps.?*?*
Although the average slope for Archer is 11%, S14 and S15
average 16% and 10% slope, respectively.*”

Two headwater (HW) reaches (HW1 & HW2) were randomly
selected in S14, two (HW3 & HW4) were randomly selected in
S15, and three (two lowlands: LL1, LL2, and one wetland: WL)
were randomly selected in the lower reaches of Archer Creek
(AC) (i.e. downstream of the S14-S15 confluence). Reaches HW1
and HW3 contain a high amount of mucky wet soils compared
to HW2 and HW4 (Fig. 1). Although the LL2 reach was not
directly influenced by a wetland like the WL reach, it was wetter
(shallower water table) than the rockier LL1 reach higher up in
the watershed (Fig. 1). Each reach was 20 m long and 12 m wide,
with a 6 m line away from the centerline of the grid marking the
outer extend of the study area of each reach for practical
purposes (Fig. 1). Within each reach, riparian areas and exposed
sediment areas were mapped and 5 riparian locations and 5
exposed in-stream sediment locations were selected to install
static chamber (for greenhouse gas measurements) and
piezometer clusters (for water quality measurements) (Fig. 1).
Piezometers consisted of 50 cm long 1.67 cm ID PVC pipe with
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Fig. 1 Archer Creek watershed location in New York, USA (upper left), and locations of the seven stream reaches studied in Archer Creek
watershed (upper right). Planar views of the seven stream reaches with in-stream (IS) and riparian (RZ) instrument cluster (piezometers and static
chambers) locations (bottom). Acronyms: HW1-4 = headwater locations 1 through 4, LL1 and LL2 = lowland locations 1 and 2, WL = wetland
location.
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20 cm long slotted ends at the bottom, and were installed at
a depth of 40 cm below ground surface (BGS) using a screw
auger in the riparian zone, and 20-30 cm BGS in exposed stream
sediments. On four different dates during the July-August 2013
summer baseflow period, piezometers were purged and
approximately 140 mL of water was subsequently collected for
analysis. Groundwater temperature and dissolved oxygen (DO)
in piezometers were measured in the field using Hanna DO
meters (Hanna HI9146, Hanna Instrument Inc. Smithfield,
Rhode Island, USA) and Hanna Temp/ORP meters (Hanna
HI9125, Hanna Instrument Inc. Smithfield, Rhode Island, USA).
Water samples were collected with Tygon tubing using a three-
way valve connected to a syringe to prevent contact with the
atmosphere while pumping. Dissolved oxygen was then
measured with the DO meter by inserting the oxygen probe into
the syringe.' Water samples were then kept in a cooler and
filtered using 0.7 um GF/F filters (Whatman Inc., Florham Park,
New Jersey) that same day. Nitrate (NO; ) and ammonium
(NH,") were measured on a Bran + Luebbe Autoanalyzer 3 (SEAL
Analytical, Mequon, Wisconsin, USA) using standard colori-
metric methods.” For dissolved organic carbon (DOC) analysis,
an aliquot of the samples to be analyzed was acidified using
2 molar H,SO, and refrigerated until analysis for DOC using
a Tekmar carbon analyzer (680-1000 °C combustion tempera-
ture, Phoenix 8000, Tekmar, Mason, OH). For all water analyses,
triplicate analyses were run on 10% of the samples, and check-
standards were analyzed for every 10 samples. Detection limits
for NO;~, NH,", and DOC were 0.01 mg N L', 0.005 mg N L,
and 0.5 mg L™ ", respectively.

Gas samples for GHG flux calculations (CH,4, CO,, and N,O)
at the soil-atmosphere interface were collected using static
chambers (35 riparian chambers, 35 exposed stream sediment
chambers; Fig. 1) whenever water samples were collected for
analysis (4 baseflow dates during the July-August 2013 summer
period). Static chambers were made of white PVC material, and
consisted of two parts: a bottom section (37 cm height and
27 cm diameter) inserted 10 cm into the ground, and an
airtight lid fitted with a gas sampling port.** When sampling,
the chambers were closed with the lid and headspace gas
concentrations measured 3 times over 50 min (0 min, 25 min,
50 min). Air samples (~15 mL) were stored in evacuated vials
(10 mL) fitted with gray butyl rubber septa. GHG fluxes (F) were

computed as:
dc\ [V
r= () (3)r =

where dC/dt is the linear rate of change in GHG concentration
inside the chamber (mass GHG m? air per min), V is the
chamber volume (m®), A is the area circumscribed by the
chamber (m?), and & is a unit conversion factor (1440 min per
day).? Samples were kept out of the light during transport and
storage periods, and were usually analyzed within two weeks of
collection. Carbon dioxide, CH,, and N,O concentrations were
analyzed using a Shimadzu GC-2014® gas chromatograph
(Shimadzu Corporation, Kyoto, Japan) equipped with a flame
ionizing detector (for CO, and CH,) and an electron capture
detector (for N,O) interfaced with a CombiPal® autosampler

This journal is © The Royal Society of Chemistry 2016

View Article Online

Environmental Science: Processes & Impacts

(LEAP Technologies, Carrboro, North Carolina). The stationary
phase consisted of a Porapak Q® precolumn (90 cm long) and
Hayesep D® analytical columns (180 cm long). The GC was
calibrated using standard gases obtained from Alltech (Deer-
field, Illinois). To prevent moisture buildup in the GC columns,
the GC oven was heated (150 °C) for 15 min for every 20
samples. In the rare cases when a non-linear relationship was
observed (R*> < 0.75) in the chamber, samples were discarded
and not included in the analysis. When needed, GHG fluxes
were expressed in carbon dioxide equivalent (CO,.q) based on
their global warming potential (GWP).! For these calculations,
CO, has a GWP of 1, while N,O and CH, have GWPs of 298 and
25, respectively.*

A two-way ANOVA (7 levels of sites (i.e. 7 reaches) and 2
levels (i.e. riparian vs. exposed stream sediments)) was con-
ducted to assess differences between groups. If a significant
statistical effect was detected, post hoc pair-wise differences
were analyzed using Tukey's multiple comparison tests. To
meet the assumption of normality prior to parametric statis-
tical analyses, most data were log transformed and normality
determined using an Anderson-Darling test. Linear correla-
tions between each GHG fluxes and predictor variables (DOC,
DO, NO;~, NH,", Temp) were quantified using Pearson
correlation coefficients. Statistical analyses were performed
using SAS 9.4/9.3 (SAS Institute Inc., Cary, North Carolina,
USA), and boxplots and graphs were generated in Minitab 16
(Minitab Inc., State College, Pennsylvania, USA) and Microsoft
Excel 2010 (Microsoft Corporation, Redmond, California,
USA).

Results

Water quality measurements: riparian zones (RZ) vs. in-
stream exposed sediments (IS)

Although dissolved oxygen concentration (DO) varied by
location, DO was generally higher at headwater in-stream (IS)
exposed sediment locations (HW1, HW2, HW3, HW4) and one
of the lowland reaches (LL1) (median DO > 5 mg L™ ") than in
exposed sediments in the wetland or at most riparian locations
(Fig. 2). Within the riparian zone locations (RZ), DO values
(range: 2-3 mg L") in the WL and LL2 riparian zone were also
lower (albeit not significantly) than at other RZ locations
(median DO range = 3-6 mg L™'). Opposite of dissolved
oxygen, DOC at both IS and RZ locations increased from 1-5
mg L' at headwater locations, to 6-11 mg L™ " at the LL2 and
WL locations; however, DOC concentrations generally did not
differ significantly between IS and RZ locations (statistics not
shown for this comparison). A pattern similar to DOC was
observed for NH,", with higher median NH," concentrations
in IS sediment water (0.1-0.2 mg N L™ ') and RZ water (0.3-0.5
mg N L) at the WL and LL2 locations than at headwater
locations HW1-4 (<0.1 mg N L™ in IS sediment water, <0.3 mg
N L' in RZ water). Although NO;  concentrations varied
significantly throughout the watershed (e.g., >0.4 mg N L ™" at
the HW4 IS and RZ sites, <0.1 mg N L™ at HW1 sites in RZ
water), some of the lowest NO; ™~ values were observed at the
LL2 and WL sites, and some of the highest at the HW4 sites
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Fig. 2 Box plots (mean, median, 25™ and 75" quartiles, and outliers) illustrating dissolved oxygen (DO), dissolved organic carbon (DOC),
ammonium (NH;"), and nitrate (NOs~) concentrations, and groundwater water temperature (°C) in riparian (RZ) and in-stream (IS) piezometers
for stream reaches HW1-4, LL1-2, and WL over the study period (see Fig. 1 for acronym definitions).

(both IS and RZ), and HW3 site in exposed stream sediments
(IS). Over the course of the 4 sampling dates, groundwater
temperatures were similar at RZ and IS sites, and increased
from headwater locations (15-17 °C range) to lowland and
wetland locations (16-18 °C). At IS locations, the water table
(WT) was on average 3.7 cm below ground surface (BGS) across
all sites and all sampling dates, with the lowest value (6.9 cm
BGS) at the HW4 site, and the highest value (0.6 cm BGS) at the
HWS3 site. At RZ locations, the water table averaged 6.6 cm BGS
over the study period, with the lowest values observed at the
HW4 site (15.8 cm BGS) and the highest ones observed at the
WL site (2.3 cm BGS).

Greenhouse gas fluxes: riparian zones (RZ) vs. in-stream
exposed sediments (IS)

On a reach-by-reach basis, median CO, fluxes at RZ locations
(0.3 g C per m” per day at LL1 site to 2.5 g C per m”> per day at
HWS3 site) were always higher than at IS locations (0.15 g C per
m” per day at the HW?2 site to 0.72 g C per m” per day at the WL
site) (Fig. 3). However, although CO, fluxes varied by location,
no consistent increase or decrease in CO, fluxes were observed
from headwater sites (HW1-4) to lower elevation sites (LL and
WL sites) in either the riparian zone or exposed stream sedi-
ments. Unlike for CO,, N,O fluxes were not consistently higher
at RZ locations than at IS locations. At IS locations, median N,O
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Fig. 3 Box plots (mean, median, 25" and 75" quartiles, and outliers) illustrating CO,, N,O and CH, fluxes at the soil-atmosphere interface at
riparian (RZ) and in-stream (IS) locations for stream reaches HW1-4, LL1-2, and WL over the study period (see Fig. 1 for acronym definitions).
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flux values ranged from —0.5 mg N per m” per day at the HW1
site to 0.4 mg N per m” per day at the HW?2 site, while at RZ
locations N,O flux values ranged from —0.14 mg N per m”> per
day at WL site to 0.66 mg N per m” per day at HW1 site. Methane
fluxes on the other hand exhibited a broad range of variation (as
shown by the difference in the median and mean values),
especially at RZ locations where mean CH, fluxes ranged from
—0.13 mg C per m” per day at the HW4 site to 766.13 mg C per
m? per day at the HW1 site, with highest mean (and median)
values at the HW1 and HW3 sites (mucky soil-influenced sites)
and the lowland (LL2) and wetland sites (WL). At IS locations,
mean CH, fluxes ranged from —0.05 mg C per m” per day at the
HW24 site to 232.6 mg C per m” per day at the WL site. The HW1
site and LL2 site had the second and third highest mean CH,
fluxes values at 45.7 mg C per m” per day and 15 mg C per m>
per day, respectively, while negative CH, fluxes were observed at
the LL1 site (—0.19 mg C per m* per day). Within each group (i.e.
RZ and IS groups), significant differences between locations
were primarily observed for CH, (Fig. 3).

When converted to CO,.q (see methods) and compared on an
area basis (1 m?), RZ fluxes are up to one order of magnitude
higher than CO,.q fluxes at IS locations (Fig. 4), with total CO,-

In-Stream Locations (IS)

-
z
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equivalent (CO,.q) emissions approximately 5 times higher at
RZ locations than IS locations. Specifically, at IS locations, total
CO,¢q fluxes varied from 0.73 g CO,¢q per m? per day at the HW2
site t0 9.27 COyeq per m? per day at the WL site, with most of
CO,¢q emission stemming from CH, fluxes at the WL site, and
CO, emissions at other locations. At RZ locations, CO,.q fluxes
varied from 1.48 CO,.q per m” per day at the LL1 site to 28.43
CO,cq per m” per day at the LL2 site. At the WL, LL2, HW3, and
HW1 sites, CH, was the dominant source of CO,.q, while at the
other sites, most CO,., emissions were derived from CO,
emissions.

When all locations are considered (35 riparian zone loca-
tions, 35 stream locations, 4 sampling dates), GHG fluxes either
in the riparian zone or in-stream locations were generally not
significantly (r < 0.18, n = 140, p > 0.05) correlated to either
NO;~, NH,", DOC, DO or groundwater temperature, except for
CH, and DOC across all IS locations and CO, and NH," across
all RZ locations (Fig. 5). On site-by-site basis significant corre-
lation exists (r> 0.43, n = 20, p < 0.05) (e.g. NO;~ and N,O in the
riparian zone at LL1, NH," and CH, in the riparian zone at
HW2, DO and N,0 at HW3 in IS exposed sediments), but these
correlations do not consistently occur across sites (Fig. 5).
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Fig. 4 Bar graphs illustrating total CO5-equivalent (CO,cq) emissions, and total CO,, N,O and CHy, fluxes in CO,-equivalent at riparian (RZ) and
in-stream (IS) locations for stream reaches HW1-4, LL1-2, and WL over the study period (see Fig. 1 for acronym definitions).
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Fig. 5 Correlation coefficient between CO,, N,O and CHj, fluxes and dissolved organic carbon (DOC), dissolved oxygen (DO), nitrate (NOs™),
ammonium (NH,*), and groundwater temperature (Temp) for in-stream (upper) and riparian (lower) locations over the study period. Acronyms:
All = all stream reaches combined (n = 140, if r > 0.18 then p < 0.05), HW1-4 = headwater locations 1 through 4, LL1 and LL2 = lowland locations
1 and 2, WL = wetland location (n = 20, if r > 0.43 then p < 0.05). Dashed lines at r = +0.18 and r = +0.43 indicate significant correlations (p <

0.05) for n = 140 and n = 20, respectively.

Discussion

Although fluxes varied significantly between locations (RZ vs. IS
locations; headwater vs. lowland reaches...), reported fluxes
were overall consistent with results published elsewhere. For
instance, Riveros-Iregui and McGlynn (2009) reported daily CO,
fluxes between 2.7 and 18.1 g C per m” per day in a northern
Rocky Mountain watershed.** Elsewhere, Ambus and Chris-
tensen (1995) reported an average CH, flux value of 21.6 mg C
per m” per day from temporarily flooded riparian areas,** while
Merbach et al. (2002) reported CH, fluxes in the 0.09-90.5 mg C
per m? per day range in riparian areas in Northern Germany.*
With respect to N,O, Jacinthe and Lal (2004) reported N,O fluxes
on the order of 0.32 mg N per m” per day in a forested system in
Ohio,” while Fisher et al. (2014) reported N,O fluxes from
Indiana riparian zones in the 0.002-6.3 mg N per m” per day
range.® Other studies also reported N,O fluxes between —0.85
mg N per m”> per day and 11.7 mg N per m> per day.”**

As indicated in the Results section, when riparian fluxes (RZ)
are compared to fluxes from in-stream locations (IS), total CO,¢q
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emissions are approximately 5 times higher at RZ locations than
IS locations, with most CO,q driven by CH, production at wet
sites (i.e. WL and LL2 sites, and mucky soil-influenced head-
water HW1 and HW3 sites). This is consistent with wet/mucky
sites being hot spots of greenhouse gas (GHG) emissions in the
landscape, especially in terms of CH, emission due to low DO
levels and high organic matter content.’>** However, these sites
represent only a small surface area at the watershed scale
(<10%, see Gomez et al. 2016)* or a small fraction of the entire
stream length (see Fig. 1), suggesting that on a total areal basis
at the stream or watershed scale, other non-wetland/mucky soil-
influenced locations (e.g. LL1 or HW2 or HW4 type sites) may
produce a larger amount of GHG.

In addition, on a gas-by-gas basis, no clear differences in N,O
fluxes between RZ and IS locations were observed, while CO,
fluxes, and CH, at some locations were significantly larger at RZ
locations than IS locations. Although both RZ and IS locations
present aerobic conditions (DO > 2 mg L™ %), riparian zone soils
likely contained higher soil organic carbon than in-stream
locations, as suggested by the higher DOC concentration at RZ

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6em00162a

Published on 09 June 2016. Downloaded on 11/12/2016 03:18:24.

Paper

locations than IS locations (Fig. 2). This is consistent with
higher rates of aerobic respiration (CO, emission) at RZ loca-
tions than IS locations being associated with higher DOC
concentrations at RZ locations than IS locations. The higher
DOC in riparian zones than at in-stream locations is likely due
to the fact that riparian zones are known to accumulate organic
carbon due to their location in the landscape, especially near
the outlet of the watershed (WL, LL2 and LL1) where wetland-
like conditions dominate.’* The higher DOC at RZ locations
than IS locations is also consistent with terrestrial environment
accumulating more organic matter than in-stream locations.
Unlike CO,, the differences in CH, fluxes between sites and
locations were however mainly tied to the presence of hydro-
morphic soils like those found at the WL, LL2, and HW1 and
HW3 sites, rather than just riparian vs. in-stream locations. As
indicated earlier, this is consistent with wetland soils being hot
spots of CH, production at the watershed scale due to enhanced
methanogenesis stemming from widespread saturated condi-
tions and organic rich soils.>>***

Beyond specific differences in GHG fluxes between RZ and IS
locations, GHG fluxes were generally not consistently correlated
to any of the potential drivers targeted in this study, namely
DOC, DO, NO;~, NH,", and groundwater temperature, sug-
gesting that when all reaches are considered, these potential
drivers do not seem to be good indicators of N,0O, CO,, or CH,
fluxes, at least during summer baseflow conditions and across
the range of locations studied here (Fig. 5). However, it is
important to note that this does not imply that these parame-
ters do not affect GHG emissions. For instance, at the HW1 sites
where mucky wet soils are present (Fig. 1), NH," is significantly
(p < 0.05) positively correlated to CH, both at IS and RZ loca-
tions, which is consistent with the often observed accumulation
of NH," in organic rich wet environment where methanogenesis
occurs (produces CH,) and where nitrification (strictly aerobic
process) is limited by anoxia.’*** However, data illustrate than
meaningful correlations do not consistently occur across all
sites, and that when all the sites are considered together, DOC,
DO, NO;~, NH,', and groundwater temperature generally
remain poorly correlated to GHG emissions in stream reaches
across the watershed, except maybe for DOC and CH, at IS
locations. This suggests that for the range of locations studied
here, and for summer baseflow conditions, these water quality
parameters offer little opportunity to predict GHG emission for
generalization purposes. From a process standpoint, although
soil or water biogeochemical conditions in the first 50 cm of the
soil profile are generally considered to be good indicators of soil
biogeochemical conditions near the soil surface®' it is
possible that the lack of specific correlations between these
biogeochemical condition indicators (DOC, DO, NO;~, NH,',
and groundwater temperature) and GHG fluxes is due to the fact
that these are measured in piezometers (20-40 cm deep), even
though the water table was within 15 cm of the ground surface
at all locations. Nevertheless, it is likely that over longer periods
of time, some of these variables (e.g. temperature) may become
good predictors of GHG emission. Indeed, on an annual basis,
other studies have shown that CO, and temperature are
often significantly positively correlated and that temperature
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correlations with CO, flux can be useful in assessing possible
behaviors of forest soils in response to changing temperature
conditions.>*%”

Nevertheless, for summer baseflow conditions, landscape
position seems to be a better indicator of the magnitude of GHG
fluxes across locations than water quality/water biogeochem-
istry indicators. Indeed, CO, fluxes are consistently several
times higher at RZ locations than at IS exposed sediment
locations, while CH, fluxes are consistently higher at sites with
hydromorphic soil conditions (WL, LL2, HW1, HW3) than at
sites with drier soils. Mapping of the entire stream length, and
subsequently placing mapped stream reach sections in groups
representing the various reaches studied here might therefore
yield better results than regression/correlation analysis between
water quality parameters and GHG fluxes to predict GHG fluxes
at the floodplain scale over the entire length of the stream.
Although we realize that measurements of a broader range of
flow conditions across an entire year are needed to fully quan-
tify the relative benefits of geomorphologically based
approaches vs. regression/correlation approaches, Gomez et al.
(2016) nevertheless demonstrated that landscape hydro-
geomorphic characteristics were better predictors of GHG fluxes
across a range of locations (wetland, lowland, riparian area,
lower hillslopes, upper hillslope) than water quality indicators
in this watershed over a two-year period.*® Other studies have
also linked soil respiration (CO, emission) to the structure and
morphology of the landscape (i.e., riparian zones versus hill-
slopes),??* while others suggest clear differences in N,O or CH,
emissions between upland soils and wetlands.*"*>

Ultimately, although more data need to be collected over
multiple seasons and/or years to fully comprehend the relative
importance of potential drivers of GHG fluxes at the reach scale
across the whole watershed (i.e. landscape position vs. water
quality indicators), this initial investigation allowed us to
identify areas of the stream/floodplain most likely to generate
significant greenhouse gas emissions to the atmosphere. As
strategies are developed to further constrain GHG emission for
whole watersheds over an annual basis, our data, along with
other studies,***** suggest that hydrogeomorphic approaches
linking landscape characteristics (e.g. topography, soil type, soil
moisture) to GHG fluxes at the soil-atmosphere interface are
a promising avenue for research to generalize estimates of GHG
fluxes along mountain stream reaches.
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