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Abstract As increased greenhouse gas concentrations
(GHG: N2O, CO2, CH4) in our atmosphere remain a
major concern, better quantifying GHG fluxes from
natural systems is essential. In this study, we investigate
GHG concentrations in saturated riparian sediments
(dry, wet, mucky), streambed hyporheic zone sediments
(pools, riffles), and stream water in a New York moun-
tain stream for summer baseflow conditions, and at-
tempt to identify the primary drivers (e.g., DO, DOC,
NO3

−, and NH4
+, temp) of GHG concentrations at these

locations. Although DO, DOC, NO3
−, and NH4

+ con-
centration patterns certainly explained some of the ob-
served trends, the overall differences in GHG abun-
dance in riparian water vs. hyporheic pool water vs.
hyporheic riffle water strongly suggest that water
velocity/mixing with the atmosphere is a key control

on GHG concentration across locations.When all flood-
plain locations are considered, in-stream pools are hot
spots of CO2 and CH4 concentrations relative to other
in-stream locations. On the other hand, riparian areas are
hot spots of CH4 and CO2 concentrations relative to
stream locations. No clear patterns are observed for
N2O.

Keywords Dissolved gases . Concentration excess .

Hyporheic zone . Groundwater . Stream

1 Introduction

As increased greenhouse gas concentrations (GHG:
N2O, CO2, CH4) in our atmosphere remain a major
concern worldwide, better quantifying GHG fluxes
from natural systems (e.g., streams, riparian zone soils,
wetlands, etc.) is essential to fully comprehend the rel-
ative importance of anthropogenic vs. natural emissions
at regulating GHG concentrations in our atmosphere
(Butman et al. 2016; Stanley et al. 2016). In natural
systems, aerobic respiration is the main mechanism
responsible for CO2 emission, while CH4 is consumed
by me t h an e ox i d a t i o n and p r oduc e d v i a
methanogenesis, or the reduction of organic matter with
CO2 as an electron acceptor under much reduced con-
ditions (Hedin et al. 1998). Although N2O is primarily
produced via incomplete heterotrophic denitrification
under anaerobic conditions, nitrification can also pro-
duce N2O gas under aerobic conditions (Naiman et al.
2010). Like many heterotrophic processes, these
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reactions (aerobic respiration, nitrification, methane ox-
idation, denitrification, methanogenesis) are mainly in-
fluenced by temperature, organic carbon availability
(electron donor), soil moisture/water availability, and
electron acceptor dynamics (O2, NO3

−, SO4
2−, CO2)

(Hedin et al. 1998; Naiman et al. 2010; Vidon et al.
2010). Once produced, GHGs in natural systems can
move either via direct efflux to the atmosphere via the
soil-atmosphere interface, or as dissolved gases in water
in streams, lakes, or interstitial water in riparian and
wetland soils (Bowden and Bormann 1986; Clymo
et al. 1995; Burgin and Groffman 2012). Nevertheless,
although many studies document GHG emissions at the
soil-atmosphere interface (Jacinthe and Lal 2004; Ullah
and Moore 2011; Morse et al. 2012; Fisher et al. 2014),
fewer directly quantify GHG concentration in stream or
interstitial water in riparian and/or stream sediments.
However, several recent studies show that transport of
GHG to seeps and streams via soil water can be an
important pathway for soil-derived GHG to reach the
atmosphere-water interface (e.g., streams, seeps, lakes)
(Bowden and Bormann 1986; Rothfuss and Conrad
1998; Burgin and Groffman 2012; Raymond et al.
2013). For instance, Bowden and Bormann (1986)
showed that soil-derived N2O fluxes transported to
streams and seeps via soil water from a clear-cut water-
shedwere two orders of magnitude over the atmospheric
equilibrium. Elsewhere, Rothfuss and Conrad (1998)
showed that interstitial water in poorly drained rice
paddy soils was hypersaturated with dissolved CH4

due to anoxic conditions. Similarly, soil-derived N2O
can be a significant component of stream N2O budgets
in agricultural watersheds (Mosier et al. 1998; Beaulieu
et al. 2008; Werner et al. 2012). On a global scale,
Beaulieu et al. (2011) estimated that streams could con-
tribute approximately 10 % of worldwide N2O emis-
sions. Butman and Raymond (2011) also showed that
fluxes of CO2 from streams and rivers in the USAwere
sufficiently large to significantly affect estimates of
global CO2 fluxes in the environment.

In streams, understanding how much of each GHG
(i.e., N2O, CO2, CH4) is produced, and where Bhot
spots^ or areas of disproportionally high GHG concen-
tration occur is therefore essential to be able to better
understand the role of streams and hyporheic zones in
global emission of GHG by natural systems, and predict
how various stream geomorphic features (e.g., pools,
riffles, runs) may impact GHG concentrations in the
water column and their release in the atmosphere

(Stanley et al. 2016). For instance, pools, which are
often associated with an accumulation of organic matter
and low flow velocity within a stream channel, can be
hot spots for CH4 production due to low dissolved
oxygen and organic carbon accumulation (Sanders
et al. 2007). In contrast, well-oxygenated high flow
velocity riffles can promote nitrification and the rapid
transfer of GHG to the atmosphere (Beaulieu et al.
2011). In riparian zones, characterizing GHG concen-
tration in soils and sediments is equally important owing
to the strong connection that exists between streams and
riparian sediments in many systems (Dent et al. 2001;
McClain et al. 2003). In a broader watershed context,
stream hyporheic zones and riparian zones are also
potential hot spots of GHG production as the accumu-
lation of organic matter, topography, mean residence
time of reactants coupled with environmental factors
such as hydrologic flowpaths, temperature, and soil
moisture regimes all combine to enhance biogeochem-
ical activities in these environments (McClain et al.
2003; Vidon et al. 2010). Understanding the dynamics
of GHG concentrations in these systems and how con-
centration of GHG may vary from headwater to down-
stream locations is therefore also important (Stanley
et al. 2016).

Within this context, forested mountain streams,
where steep gradients and often well-developed pool-
riffle sequences with well-developed hyporheic zones
are often present, offer a unique opportunity to study the
role of stream geomorphic features on GHG concentra-
tion in the subsurface, as well as the relative importance
of biogeochemical variables (e.g., nitrate (NO3

−), am-
monium (NH4

+), temperature (Temp), dissolved organic
carbon (DOC), dissolved oxygen (DO)) at controlling
N2O, CO2, and CH4 concentration in both riparian and
stream sediments from headwaters to downstream loca-
tions. In this study, we therefore investigate the concen-
tration dynamics of N2O, CO2, and CH4 in riparian
sediments, streambed hyporheic sediments, and stream
water in a New York mountain stream for summer
baseflow conditions. We aim to (1) determine differ-
ences in GHG concentration between stream water and
various types of riparian and streambed sediments from
headwater to downstream locations and (2) determine
the primary drivers (e.g., NO3

−, NH4
+, Temp, DOC,

DO) of N2O, CO2, and CH4 concentration. Fieldwork
was conducted in July–August 2013 during baseflow
conditions in Archer Creek in the Adirondack
Mountains, New York, and based on multiple GHG
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and water quality measurements at 35 riparian locations
and 35 in-stream locations.

2 Materials and Methods

2.1 Site Description

Archer Creek is located in Archer Creek Watershed
(515 m above sea level, 43° 59′ 32″ N, 74° 14′ 32″
W), a 135-ha forested catchment (1 % water, 6 % for-
ested wetland, 93 % forest) located in the Adirondack
Mountains, NY (Fig. 1). Climate is cool, moist, and
continental. Between the years 1941 and 2007, the mean
annual temperature was 5.0 °C, the mean annual precip-
itation was 1046mm, and the mean annual snowfall was
303 cm (Mitchell et al. 2009). 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
Huntington Wildlife Forest approximately 2.0 km from
the study stream. Surficial geology in the study water-
shed consists of glacial till composed of approximately
75 % sand and less than 10 % clay content (Christopher
et al. 2006). Upland soils are sandy loam (Becket
Mundal series) approximately 1 m thick with localized
areas of deeper soil. Wetlands and valley-bottoms soils
are generally Greenwood Mucky Peats deposits (hemic
soil material) 1 to 5 m deep (Somers 1986). Archer
Creek (11 % average slope) is composed of two upper
branches, S14 and S15, with 16 and 10 % slope, respec-
tively (Somers 1986).

2.2 Water Quality and Dissolved Gas Measurements

Two reaches (HW1 and HW2) were randomly selected
in S15, two (HW3 and HW4) were randomly selected in
S14, and three (LL1, LL2, and WL) were randomly
selected in the lower reaches of Archer Creek (i.e.,
downstream of the S14–S15 confluence) (Fig. 1).
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 selected reach was 20 m
long and 12 m wide, with a 6-m line away from the
centerline of the grid marking the outer extent of the
study area for each reach for practical purposes. Within

each reach, a total of 10 instrument clusters were
installed: five in the riparian zone and five in the
stream. Each instrument cluster consisted of a
piezometer for water quality analysis and one silicone
tube for GHG concentration measurements (see
description below). Each in-stream cluster also had
one extra silicone tube placed above the streambed for
measuring GHG concentration in the stream water
itself. In-stream instrument clusters (IS) were grouped
in three categories: pools with fine textured (sandy
loam) bed sediments (IS-Pool-Fine, n = 3), pools with
coarse (sand) textured bed sediments (IS-Pool-
Coarse, n = 19), and riffles or runs (Riffle or Run,
n = 13). Riparian instrument clusters (RZ) were
installed in three types of sites: moist sandy loam soil
(RZ-Dry), mucky/wet soil (RZ-Mucky), and perma-
nently saturated organic soil (RZ-Wet) based on soil
organic matter content/texture and water table depth
at the time of measurement (summer baseflow).

Piezometers consisted of 50 cm long 1.67 cm ID
PVC pipe with 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
(RZ) and 20–30 cm BGS at IS locations. On four
different dates during the July–August 2013 summer
baseflow period, piezometers were purged and allowed
to refill, and 140 mL of water was subsequently collect-
ed 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, RI, USA) and Hanna
Temp/ORP meters (Hanna HI9125, Hanna Instrument
Inc. Smithfield, RI, 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 (Vidon and Hill 2004). DOwas then measured
with the DO meter by inserting the oxygen probe into
the syringe (Vidon and Hill 2004). Water samples were
then kept in a cooler and filtered using 0.7 μm GF/F
filters (Whatman Inc., Florham Park, NJ) that same day.
An aliquot of each filtered sample was then frozen until
analysis (within 1 month) for nitrate (NO3

−) and ammo-
nium (NH4

+) on a Bran + Luebbe Autoanalyzer 3
(SEAL Analytical, Mequon, WI, USA) using standard
colorimetric methods (Clesceri et al. 1998). For DOC
analysis, an aliquot of each filtered sample was acidified
using 2 M H2SO4 and refrigerated until analysis for
DOC using a Tekmar carbon analyzer (Phoenix8000,
Tekmar, Mason, OH). For all analyses, triplicate
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Vegetated area

Bare mucky soil

Rocks / Boulders

5 m

RZ-Dry (n=15)

RZ-Mucky (n=13)

RZ-Wet (n=7)

IS-Pool-Coarse (n=3)

IS-Pool-Fine (n=19)

Riffle or Run (n=13)

Weirs
Wetlands
Streams

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 (bottom).HW1–4 headwater locations 1 through 4,
LL1 and LL2 lowland locations 1 and 2,WLwetland location, RZ-

Dry dry riparian zone sediments, RZ-Mucky mucky riparian zone
sediments, RZ-Wet wet riparian zone sediments, IS-Pool-Fine in-
stream sediment pool with fine textured sediments, IS-Pool-
Coarse in-stream sediment pool with coarse textured sediments,
Riffle or Run riffle or run
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analyses were run on 10 % of the samples, and check-
standards were analyzed for every 10 samples.

Silicone tubes for GHG concentration measure-
ments were based on the design developed by
Jacinthe and Groffman (2001) and based on the
unique properties of silicone rubber (permeable to
gases, impermeable to water). When submerged
and inserted in piezometers either in the water
column (stream water), in groundwater (RZ-Dry,
RZ-Wet, RZ-Mucky), or hyporheic water (IS-
Pool-Coarse, IS-Pool-Fine, Riffle or Run), the con-
centration of the gases in the silicone tube is
dependent on the concentration of the gases in
the water surrounding the silicone tube (see
calculation below; Jacinthe and Groffman 2001).
Each silicone tube consisted of a 15-cm-long sec-
tion of silicone tube (Versilic Silicone tubing,
0.5 in. I.D., 11/16 in. O.D.) sealed with rubber
stoppers and silicone gel sealant, and connected
to the water surface via a 30-cm-long section of
Tygon tubing (1/8 in. I.D., ¼ in. O.D.) connected
to a two-way valve. Whenever water samples were
collected on four dates in summer 2013, silicone
tubes were inserted in the piezometers (after water
samples were collected) and left to equilibrate
overnight. By plugging the top of the piezometers
and filling-in the area immediately above the sili-
cone tubes with foam material, we ensured that all
the silicone tubes inserted in the piezometers were
isolated from ambient conditions in the atmosphere
above the streambed. When sampling the silicone
tubes, the two-way valve connected to the silicone
tube via the Tygon tubing was connected to a
syringe and 15 mL of gases in the collapsible
silicone tube was collected and immediately trans-
ferred to pre-evacuated gas chromatograph vials.
Samples were kept out of the light during transport
and storage periods and were usually analyzed
within 2 weeks of collection. Carbon dioxide,
CH4, and N2O concentrations were analyzed uti-
lizing a Shimadzu GC-2014® gas chromatograph
(Shimadzu Corporation, Kyoto, Japan) equipped
with a flame ionizing detector and an electron
capture detector interfaced with a CombiPal®
autosampler (LEAP Technologies, Carrboro, NC).
The stationary phase consisted of a Porapak Q®
precolumn (90 cm long) and Hayesep D® analyt-
ical columns (180 cm long). The GC was calibrat-
ed using standard gases obtained from Alltech

(Deerfield, IL). To prevent moisture buildup in
the GC columns, the GC oven was heated
(150 °C) for 15 min for every 20 samples.

The concentration of each of the dissolved gases
(CO2, CH4, N2O) in the water was calculated based on
the concentration of each gas in the silicone tube based
on Henry’s law:

X½ �aq ¼ X½ �gMw

� �
= HRT � 106
� � ð1Þ

where [X]aq is the concentration of gaseous species X in
solution (mg L−1 water), [X]g is the concentration of
species X in the gas phase (μL L−1 air, v/v), Mw is the
molar relationship (mg Xmol−1),H is the dimensionless
constant (H = 0.8, 23.3, and 1.1 for CO2, CH4, and N2O,
respectively), R is the universal gas constant (8.205 ×
10−2 l atm K−1 mol−1), and T is the temperature (°K).
Subsequently, we calculated the degree of saturation of
the water for each gas (xsCO2, xsCH4, xsN2O) as the
excess gas above or below atmospheric equilibrium
(xsCgas = 0 at equilibrium, <0 if undersaturated, > 0 if
oversaturated) as:

xsCgas ¼ Cobs−Csat ð2Þ

where Cgas is a gas species (CO2, CH4, or N2O), Cobs is
the dissolved concentration of that gas from Formula 1
([X]aq) expressed as a molar concentration (i.e., μmol/L
as opposed to mg/L) and Csat is the theoretical equilib-
rium concentration of that gas in water based on water
temperature and the known concentration of that gas in
the atmosphere. In Eq. 2, Csat at a given temperature is
calculated using Henry’s law:

p ¼ kH � Csat ð3Þ

where p is the partial pressure of the gas in the atmo-
sphere, kH is Henry’s law volatility constant, and Csat is
the aqueous phase molar concentration of the species. In
Eq. 3, kH or kH(T) for any given temperature (T) is
determined using a form of Van’t Hoff equation

kH Tð Þ ¼ kH T�ð Þe −C
1

T
−

1

T�

� �� 	
ð4Þ

where kH (To) for CO2 is 29.4, 0.048 for N2O, and 0.458
for CH4. In this equation, T

o is 298 K and the constantC
value for CO2 is 2400, 2675 for N2O, and 1750 for CH4.
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2.3 Data Analysis

At each location, data from all four dates were averaged
before analysis to account for temporal variability be-
tween summer baseflow sampling dates. A one-way
analysis of variance (ANOVA) was used to analyze the
data (Factor = RZ-DRY, RZ-Mucky, etc.). Following a
significant statistical effect, post hoc pairwise differ-
ences were analyzed using Tukey’s multiple comparison
tests. To meet the assumption of normality prior to
parametric statistical analyses, most data were log trans-
formed and normality determined using an Anderson–
Darling test. Linear correlations between each GHG
species and all predictor variables (DOC, DO, NO3

−,
NH4

+, and temperatures) were quantified using Pearson
correlation coefficients. Statistical analyses were per-
formed using SAS 9.4/9.3 (SAS Institute Inc., Cary,
NC, USA), and boxplots and graphs were generated in
Minitab 16 (Minitab Inc., State College, PA, USA) and
Microsoft Excel 2010 (Microsoft Corporation,
Redmond, CA, USA).

3 Results

3.1 Water Quality Measurements

Mean DO concentrations in the various stream
hyporheic zone locations (IS-Pool-Fine, IS-Pool-
Coarse, Riffle or Run) and riparian zone groupings
(RZ-Dry, RZ-Wet, RZ-Mucky) ranged from
7.0 mg/L (Riffles) to 3.0 mg/L (RZ-Mucky), with
lower values in the RZ-Mucky and RZ-Wet loca-
tions than at most other locations (Fig. 2).
Significant differences between groups are shown
on Fig. 2. DO in the stream water (11.0 mg/L)
was significantly higher than in all other locations.
With respect to DOC, mean DOC concentrations
were generally higher at the RZ-Mucky and RZ-
Wet sites (7.3–9.0 mg/L) and lower in the Riffle
(2.9 mg/L) and in stream water (3.8 mg/L).

Mean NO3
− concentrations varied between below

detection limit (BDL; 0.01 mg/L) at the RZ-Wet sites
to 0.4 mg/L in stream water, with only a few significant
differences between groups (Fig. 2). Conversely, NH4

+

was the highest at the RZ-Wet sites (0.4 mg/L) and
lowest in stream water (BDL). For the four sampling
dates, riparian groundwater temperatures (RZ-Wet, RZ-
Dry, RZ-Mucky) and in-stream groundwater

temperatures (IS-Pool-Fine, IS-Pool-Coarse, Riffle or
Run) were generally not significantly different and
remained in the 17.2–16.3 °C range. Stream water itself
was however significantly cooler (13.7 °C).

3.2 Greenhouse Gas Concentration Measurements

Mean concentration of CO2 in water ranged from
88.3 μmol/L in stream water to 362.4 μmol/L for sites
in the RZ-Mucky group, with the highest values in the
RZ-Wet and RZ-Mucky sites and lowest values in Riffle
and Run sites and in stream water (Fig. 3). When
expressed in terms of concentration in excess of satura-
tion (i.e., the theoretical concentration based on atmo-
spheric CO2 concentration), the RZ-Mucky and RZ-Wet
sites presented dissolved CO2 concentration approxi-
mately 21 times in excess of atmospheric equilibrium,
or in excess by approximately 344–345 μmol/L
(Table 1). Among in-stream features, the degree of
hyper CO2 saturation ranged from 6 times (88.2 μmol/
L) in riffles and runs to 12 times (192.0μmol/L) in pools
with fine textured sediments (IS-Pool-Fine).

Dissolved CH4 study period average values were
more variable than CO2 and spanned two orders of
magnitude. Some of the highest means for dissolved
CH4 occurred at RZ-Mucky sites (9.02μmol/L), follow-
ed by RZ-Wet sites (4.46 μmol/L), whereas Riffle and
Run sites (0.069 μmol/L) and RZ-Dry sites (0.78 μmol/
L) had the lowest study period averages (Fig. 3). When
expressed in term of saturation excess, all locations were
oversaturated in CH4, with saturation excess as high as
9.01μmol/L or 1917 times above equilibrium at the RZ-
Mucky sites, and lowest values in riffles and runs sites,
with dissolved CH4 concentrations only 0.012 μmol/L
in excess of equilibrium or 14 times above equilibrium.

Unlike for CO2 and CH4, some of the highest dis-
solved N2O concentrations were observed at RZ-Dry
sites (mean = 0.034 μmol/L), while some of the lowest
values were observed at RZ-Wet sites (mean =
0.012 μmol/L). IS locations generally presented inter-
mediate dissolved N2O concentrations (range of
means = 0.016–0.020 μmol/L). Although oversaturated
in N2O (typically by 0.004–0.012 μmol/L except for the
RZ-Dry sites where excess concentrations reached
0.026 μmol/L), both RZ and IS locations were only
moderately oversaturated in N2O (1.7 to 4.5 above
equilibrium) compared to the levels of oversaturation
observed for CH4 or CO2 (Table 1).
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When compared based on locations from headwaters
(HW1–4) to downstream locations (LL1–2, WL), CH4

concentrations are on average 4 times higher at down-
stream locations (5.8μmol/L) than at upstream locations
(1.5 μmol/L) (Table 2). Similarly, CO2 concentrations
are 1.5 times higher at downstream locations (303μmol/
L) than at upstream locations (199 μmol/L). However,
the opposite is observed for N2O with N2O concentra-
tion twice as large at upstream locations (0.026 μmol/L)
than at downstream locations (0.014 μmol/L). When
expressed in terms of saturation excess, a similar pattern
is observed (Table 2).

3.3 Correlation Analysis

Pearson correlation coefficients between mean con-
centration of CO2, CH4, and N2O at each location
over the four sampling dates and mean DOC, DO,
NO3

−, NH4
+, and water temperature are shown in

Fig. 4. When all the data are combined (i.e., RZ
sites, IS sites), the concentration of CO2 is most
significantly (p < 0.05) correlated to DO (r = −0.56),

NO3
− (r = 0.51), and NH4

+ (r = 0.46). On a site-by-site
basis, other significant correlations (see Fig. 4 caption
for p values) between CO2 and individual variables
occur but are not observed across the board in all
locations.

For CH4, althoughDO, temp, NO3
−, NH4

+, and DOC
are significantly correlated to CH4 (see Fig. 4 caption for
p values), correlation coefficients remain low (r = <
±0.3). On a site-by-site basis, significant correlations
with high r values are observed like at the RZ-Dry sites
where CH4 is moderately (and significantly) correlated
to NH4

+ (r = 0.51), or in Riffle and Run sites where CH4

is moderately significantly correlated to DO (r = −0.48).
However, high correlation coefficients (even if they are
significant) do not occur consistently across all sites.

A similar pattern is observed for N2O, with
significant (when r > 0.12) but weak correlation
(r < 0.4) between N2O and mean DOC, DO,
NO3

−, NH4
+, and water temperature when all the

sites are combined. On a site-by-site basis, strong
correlations exist such as at the RZ-Mucky sites
where N2O is strongly and significantly correlated
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Fig. 2 Box plots (mean, median, 25th and 75th quartiles, and
outliers) illustrating dissolved oxygen (DO), dissolved organic
carbon (DOC), nitrate (NO3

−), ammonium (NH4
+), water temper-

ature (H2O Temp), and soil/sediment temperature (Soil Temp) for
streamwater (if applicable) and in hyporheic water/groundwater in
each of the geomorphic features studied here across all seven
stream reaches over the study period. Letters a, b, c, and d indicate

differences between groups (see data analysis section for methods
description). RZ-Dry dry riparian zone sediments, RZ-Mucky
mucky riparian zone sediments, RZ-Wet wet riparian zone sedi-
ments, IS-Pool-Fine in-stream sediment pool with fine textured
sediments, IS-Pool-Coarse in-stream sediment pool with coarse
textured sediments, Riffle or Run riffle or run
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to NO3
− (r = 0.63), but this only occurs occasion-

ally (Fig. 4).

4 Discussion

In this study, we reported both concentration and
excess concentration (or concentration in excess of
saturation) for each GHG (i.e., CO2, CH4, N2O).
Although variables depend on location (see
Table 1), results are overall consistent with those
found in the literature (Hope et al. 2001; Beaulieu
et al. 2011; Werner et al. 2012; Stanley et al. 2016).
For instance, in their investigation of spatial and
seasonal variations in CO2 and CH4 concentrations
in streams and adjacent soils at various sites located
in a headwater stream draining a peatland catchment
in upland Britain, Hope et al. (2001) reported values
of dissolved CO2 ranging from 3.57 to 7.5 mg/L (or

81–170 μmol/L) and dissolved CH4 ranging from
0.04 to 34.6 mg/L (or 2–2157 μmol/L) across the
studied sites for the summer period. Billett and
Moore (2008) reported dissolved CO2 concentration
values ranging from 47.7 to 177 μmol/L and dis-
solved CH4 concentration values ranging from 0.6 to
10 μmol/L during spring and autumn 2005 in sur-
face waters draining the Mer Bleue peatland
(Ontario, Canada). In Southern Ontario, Canada,
Rosamond et al. (2012) reported dissolved N2O
concentrations ranging from 0.002 to 0.56 μmol/L
in rivers. Elsewhere, Jacinthe et al. (2012) reported
average CO2 concentration of 58 μmol/L and CH4

concentration of 0.6 μmol/L in streams draining a
predominantly agricultural watershed located in
Indiana, USA. Similarly, Werner et al. (2012) report-
ed dissolved CO2 concentrations (range 12.6 to
222 μmol/L), dissolved CH4 concentrations (range
0.02 to 0.26 μmol/L) , and dissolved N2O
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concentrations (range <0.01 to 0.7 μmol/L) across
several small baseflow-dominated stream ecosys-
tems in central Wisconsin, USA, consistent with
our findings.

When concentrations (and associated concentration
excess) of each GHG are compared between geomor-
phic features (Table 1), it appears that differences in
concentration are primarily driven by advective/
dispersion processes, and this in spite of clear relation-
ships between specific GHG and key predictive vari-
ables (NO3

−, NH4
+, DO, etc.; Fig. 4). Indeed, although

no clear patterns are observed for N2O, data clearly
show that in fast moving riffles where enhanced
hyporheic flow likely occurs (Kasahara and Hill
2005), CO2 and CH4 concentrations in the hyporheic
zone (where samples were collected) are much lower
than in slow moving pool hyporheic water, at least for
summer baseflow conditions when observations were
made. Similarly, CO2 and CH4 concentrations in ripar-
ian water are generally higher than in hyporheic water,
especially in the mucky (RZ-Mucky) and wet (RZ-Wet)
areas of the riparian zone where close to saturated con-
ditions likely hinder GHG diffusion to the atmosphere.
Further, similar dissolved GHG concentrations in stream

water as in hyporheic riffle water are consistent with
losses to the atmosphere at these locations. The lower
GHG concentrations in stream water and hyporheic
riffle water than in pool hyporheic water or riparian
water are also consistent with longer residence times in
riparian and pool hyporheic water and lower mixing
rates with stream water at these locations.

Of course, the strong relationships between GHG
concentration and water velocity (i.e., RZ vs. pool vs.
riffle) do not mean that the underlying biogeochemical
processes do not differ between geomorphic features,
and that the gross production of gases across geomor-
phic features does not vary. Indeed, riparian water sam-
ples generally contain greater DOC concentrations than
hyporheic water samples or streamwater (Fig. 2) and are
associated with higher CH4 concentrations than at other
locations. This is especially clear at the RZ-Mucky and
RZ-Wet sites where high soil organic carbon (electron
donor for methanogenesis) is likely to be higher than at
other locations due to the presence of black organic soil
at these locations. These locations (RZ-Wet and RZ-
Mucky) also harbor lower DO and higher NH4

+ con-
centrations than other locations, which is consistent with
anoxic conditions limiting nitrification (strictly aerobic
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process) and leading to NH4
+ accumulation, and higher

rates of methanogenesis at these locations than others
(Hefting et al. 2003; Naiman et al. 2010).

Interestingly, these wet organic-rich locations where
higher CH4 concentrations were observed in the riparian
zone also present high dissolved CO2 concentration
(Fig. 3). Although higher soil organic carbon content
at the RZ-Wet and RZ-Mucky sites than at others could
in theory boost aerobic respiration and associated CO2

emissions, higher CH4 concentrations, lower DO, and
higher NH4

+ (indicative of NH4
+ accumulation owing to

nitrification inhibition under low oxygen availability
conditions) suggest that enhanced aerobic respiration is
unlikely to be the main process responsible for higher
CO2 production at these locations. Instead, some studies
have noted the association between CH4 and CO2 pro-
duction under low oxygen conditions due to
methanogenesis via acetate fermentation in peatland
catchments with soil likely similar to those found in
the RZ-Mucky and RZ-Wet areas (Hope et al. 2001).
Another possible explanation could be the result of
denitrification actively occurring at these sites (consis-
tent with the low NO3

− at these locations; Fig. 2) be-
cause CO2 can also be a byproduct of heterotrophic
denitrification (Hedin et al. 1998). Overall, the associa-
tion of high dissolved CO2 with low DO locations is
also consistent with the previously mentioned negative
correlation between CO2 and DO when all the sites are
combined (Fig. 4).

Beyond the underlying biogeochemical processes,
when GHG concentrations are analyzed based on loca-
tion (i.e., headwaters vs. downstream locations), down-
stream locations harbor significantly (p < 0.05) higher
CH4 and CO2 concentrations than upstream locations
and vice versa for N2O (Table 2). Although informative
from a management standpoint, these differences are a
direct function of the distribution of key geomorphic
features between locations. For instance, CH4 concen-
trations are the highest in the LL2 reach (Table 2) where
features with high CH4 concentrations (RZ-Mucky, RZ-
Wet, IS-Pool-Fine; Fig. 3) dominate (Fig. 1). Similarly,
N2O concentrations are higher at headwater locations
(Table 2) because most RZ-Dry locations (11 out of 15)
where high N2O concentrations are observed (Fig. 3) are
located in HW1–4 (Fig. 1). Therefore, although differ-
ences in GHG concentration are observed as a function
of location (i.e., headwater vs. downstream), data sug-
gest that these differences are simply a function of the
relative importance of key geomorphic features among

reaches. This indicates that overall, understanding the
distribution of stream geomorphic features is essential to
understand spatial differences in GHG concentration in
streams and associated riparian zones, and this more so
than simply classifying stream reaches based on their
headwater or downstream location.

Aside from the impact of geomorphological aspects
on GHG concentrations, when correlation coefficients
between individual GHGs and water quality parameters
are investigated, overall CO2 is negatively correlated to
NO3

− because of the higher CO2 concentration and
lower NO3

− concentrations observed at the RZ-Mucky
and RZ-Wet sites relative to other locations (pool, riffle,
stream water). For the same reasons (i.e., contrast be-
tween RZ-Mucky/RZ-Wet and other locations), CO2 is
also positively correlated to DOC and NH4

+. With re-
spect to CH4, data indicate a positive correlation be-
tween CH4 and temperature, which is consistent with
methanogenesis being temperature sensitive (Van
Hulzen et al. 1999). For N2O, while a positive correla-
tion between N2O and NO3

− is consistent with N2O
production being influenced by the presence of NO3

−,
this correlation alone sheds little light on the underlying
processes driving N2O concentration as NO3

− can influ-
ence both nitrification and denitrification and that both
of these processes can produce N2O (Hedin et al. 1998;
Naiman et al. 2010).

Ultimately, it is likely that a combination of produc-
tion and diffusion controls GHG concentrations in
hyporheic water for summer baseflow conditions.
Indeed, although DO, DOC, NO3

−, and NH4
+ concen-

tration patterns certainly explain some of the observed
trends (see above), the overall differences in GHG ex-
cess (Table 1) in RZ water vs. hyporheic pool water vs.
hyporheic riffle water strongly suggest that water
velocity/mixing with the atmosphere in sections of the
stream with enhanced hyporheic exchange such as riffle
sections (Kasahara and Hill 2005) vs. pool section or
riparian water also strongly impacted GHG concentra-
tions across the study reaches. Although some GHGs
are certainly exported as dissolved gases in streamwater
(Mosier et al. 1998; Beaulieu et al. 2008; Butman and
Raymond 2011;Werner et al. 2012), the generally lower
levels of excess saturation in stream water than at most
locations (especially for CO2 and CH4; Table 1) suggest
that much of the gases entering the stream water column
through hyporheic exchange quickly evade to the atmo-
sphere. As seen in other studies (e.g., Werner et al.
2012), constant GHG production in stream sediments
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(as indicated by excess concentration) nevertheless pre-
vents the stream from reaching equilibrium with the
atmosphere, which is consistent with other works show-
ing that streams likely play an important role in terms of
GHG export at the watershed scale both through evasion
to the atmosphere and transport to downstream locations
(Beaulieu et al. 2008; Butman and Raymond 2011).

When all floodplain locations are considered, no
clear differences in N2O concentrations are consis-
tently observed between geomorphic features, ex-
cept at the RZ-Dry sites where N2O concentrations
tend to be consistently higher than at other locations.
However, in-stream pools are hot spots of CO2 and
CH4 concentrations relative to other riffle or run
locations, and RZ-Wet and RZ-Mucky areas are
hot spots of CH4 and CO2 concentrations relative
to IS locations, at least for summer baseflow condi-
tions when the study was conducted. In this context,
it is however important to note that pools only
represent a fraction (about 25 %) of stream features
in the watershed and that RZ-Wet and RZ-Mucky
areas are limited to small areas along the stream
where mucky soils are present or to wetland areas
(5.7 % of total area in the watershed; Gomez et al.
2016). This suggests that on an areal basis, other
areas of the watershed (i.e., pools and runs,
hillslopes) may produce a larger amount of GHG
(Gomez et al. 2016). The relative importance of
each of these areas may also change based on the
time of year as temperature, moisture, and nutrient
availability change with seasons (Gomez et al.
2016).

However, in spite of its limitations, this initial study
of concentrations and concentration excess (by defini-
tion due to GHG production) of GHG in floodplain
waters for summer baseflow conditions provides un-
precedented insights into the distributions of dissolved
CO2, CH4, and N2O gases in stream, hyporheic, and
riparian water, and the potential role of streams at
transporting dissolved gases downstream and at releas-
ing gases to the atmosphere, at least for summer
baseflow conditions. However, more studies should be
conducted to capture GHG dynamics at these locations
over longer periods of time (seasons, years) and a range
of flow conditions (spring baseflow, snowmelt period,
etc.) to fully comprehend the relative importance of
riparian vs. in-stream locations at controlling GHG con-
centrations at the reach scale on an annual basis (along
with underlying biogeochemical processes), so solid

stream annual GHG budgets can be developed for the
entire stream length and applied to other forested
watersheds.
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