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Abstract
Riparian zones of headwater streams have valuable ecosystem functions and are prevalent across many
landscapes. Nevertheless, studies of greenhouse gas (GHG; CO 2 , CH 4 , N 2 O) �uxes from these unique
ecosystems, with �uctuating water tables and high soil organic matter, remain limited. Our objectives
were to (1) to quantify the effects of local riparian groundwater conditions on soil GHG �ux rates, namely
to determine if groundwater discharge (DIS) areas in the riparian zone would have higher soil moisture
than adjacent non-discharge (ND) areas in the riparian zone, impacting GHG �uxes; and (2) to examine
the relationship between GHG �uxes, soil moisture, soil temperature, and groundwater depth. We
measured gas �uxes in situ alongside two relatively undisturbed headwater streams over one year, using
closed static chambers and gas chromatography. We found that, although not signi�cant, DIS areas had
on average lower CH 4 uptake and lower CO 2 emissions than ND areas. We further found that soil
temperature explained 30.0% and 26.2% of variation in CO 2 and N 2 O �uxes, respectively, and soil
moisture explained 9.8% of variation in CH 4 �uxes. Our results provide information on the magnitude
and drivers of GHG �uxes in riparian zones to help inform GHG budgets and forest management.

1. Introduction
Soils play an important role in climate change as they can sequester carbon or be sources of greenhouse
gases (GHGs) to the atmosphere, depending on the conditions (Lal et al. 2015; Oertel et al. 2016).
Improving our understanding of the environmental controls on the rates of GHG �uxes to the atmosphere
is important for reducing uncertainty in global estimates of carbon cycling to help mitigate climate
change (Oertel et al. 2016; Sun et al. 2013). The production of three important greenhouse gases emitted
from soils, i.e. carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), is strongly controlled by
environmental factors such as soil temperature and soil moisture (Luo and Zhou 2006).

While several studies have evaluated GHG �uxes from forests (as summarized in Dalal and Allen [2008]
and Oertel et al. [2016]), studies examining GHG emissions from riparian forests remain limited (Goodrick
et al. 2016; Soosaar et al. 2011). Moreover, the majority of riparian GHG �ux research has been conducted
in the riparian zone of wetlands (Audet et al. 2013; Nag et al. 2017), or if the focus was on streams they
were in an agricultural context (Fisher et al. 2014; Skinner et al. 2014). Moreover, many of these studies
only focus on CO2, neglecting CH4 and N2O (Tufekcioglu et al. 2001).

The ecosystem for this study, the riparian zones of headwater streams in south-western British Columbia,
was chosen for its unique conditions and ecological importance. Riparian zones, that is, the three
dimensional zones of direct interaction between terrestrial and aquatic ecosystems (Gregory et al. 1991),
are important for nutrient cycling (Hinshaw and Dahlgren, 2016), biodiversity (Ramey and Richardson,
2017), and carbon sequestration (Hazlett et al. 2005). A large proportion of nutrients (e.g. nitrogen and
DOC) from upland soils are transferred to riparian ecosystems, where they can drive denitri�cation (Pinay
et al. 2018) and methanogenesis (Fiedler et al. 2005). Moreover, carbon storage generally increases with
wetter conditions where decomposition of organic matter is limited by oxygen, thus decreasing soil
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respiration (Gundersen et al. 2010). Due to the typically moist conditions as a result of the in�uence of
surface and belowground water, riparian zones can sequester more carbon than many upland forests
(Gundersen et al. 2010). Conversely, due to their shallow and �uctuating water tables (Goodrick et al.
2016), hydromorphic (wet) soils (Gundersen et al. 2010), and high soil organic matter content, riparian
zones have the potential to contribute signi�cant amounts of CH4 and N2O to the atmosphere, two GHGs
with high global warming potentials (Christiansen et al. 2012; Vidon et al. 2018). For example, after
taking into account soils with intermediate aeration conditions, which covered only 34% of the land area,
mean annual N2O emission rate for a forest in southwest Germany doubled (Jungkunst et al., 2004).

Small streams occur at a high density in forested landscapes of the Paci�c Northwest, with about 2.5 km
of stream length per square kilometer (Richardson et al. 2005). Therefore, given the extent and distinctive
conditions of forested riparian zones, the GHG �uxes from these soils may represent a signi�cant
proportion of gas �uxes from forests. Additionally, due to the unique conditions of riparian ecosystems,
the drivers of gas �uxes may differ from those in non-riparian areas (Goodrick et al. 2016). As such, this
research examines an important gap in the literature, and the results of this research can help support the
management of riparian areas to contribute to climate change mitigation.

Given that riparian zones may be hotspots of GHG �uxes to the atmosphere, it is critical to improve our
understanding of the magnitudes, as well as the spatial and temporal variability, of GHG �uxes in these
systems. Soil moisture and soil temperature have a strong in�uence on the ecosystem processes driving
GHG emissions, thus seasonal variation can impact gas �uxes (Sun et al. 2013). Improving our
understanding of these seasonal dynamics of GHG �uxes in riparian zones of headwater streams will
contribute to more accurate GHG budgets for these understudied ecosystems (Sun et al. 2013).

Landscape features that in�uence soil characteristics, such as local microtopography and
hydrogeomorphic setting, can be important for predicting riparian GHG emissions. These features may
affect the spatial distribution of soil moisture, nutrients, and organic matter, thus consequently impacting
the magnitude of GHG emissions (Jacinthe and Vidon, 2017; Soosaar et al. 2011). Local groundwater
discharge conditions may create particularly important microsite variation in the riparian zones of
streams. Groundwater discharge (DIS) areas, or discrete riparian in�ow points, are the result of upland-
originating groundwater converging and discharging in a topographic depression in the riparian zone
(Kuglerová et al. 2014). Soil conditions at DIS areas have been found to have higher base cation and
nitrogen concentrations, soil moisture, and pH levels when compared to surrounding non-groundwater
discharge (ND) areas (Giesler et al. 1998). These soil conditions may in�uence the processes controlling
soil GHG �uxes along headwater streams.

In this study, we evaluated the spatial and temporal variation of annual soil GHG �uxes from the forested
riparian zone of two relatively undisturbed headwater streams in south-western British Columbia, Canada,
over one year. The objectives were (1) to quantify the effects of local riparian groundwater conditions on
soil GHG �ux rates, namely to determine if higher soil moisture in DIS areas than ND areas, due to
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groundwater in�uence, impacts GHG �uxes;  and (2) to examine the relationship between GHG �uxes, soil
moisture, soil temperature, and groundwater depth, over one year.  

2. Methods
2.1 Site description

Study sites were located in Malcolm Knapp Research Forest (MKRF), at the foothills of the Coast
Mountains, about 40 km east of Vancouver, British Columbia (49° 16' N, 122° 34' W). The biogeoclimatic
zone is Coastal Western Hemlock (Klinka et al. 2005), and the dominant tree species are Western
Hemlock (Tsuga heterophylla), Douglas-�r (Pseudotsuga menziesii), and Western Red Cedar (Thuja
plicata) (Klinka et al. 2005). The forest is mostly comprised of approximately 90-year-old, second growth,
naturally regenerated following widespread �re in 1925, and again in 1931 (Klinka et al. 2005). We
measured gas �uxes from riparian soils along two relatively undisturbed streams (Mike Ck. and Upper
East Ck.), which have not have any forest harvest, or other major anthropogenic disturbances, in their
catchment areas since the 1931 wild�re (Kiffney et al. 2003). Both streams �owed predominantly
southwards, and they met Richardson and Danehy’s (2007) criteria for a headwater stream with a
relatively small catchment area under 100 ha as well as a narrow stream width (Table 1).

The climate is maritime, with slight continental in�uence due to the mountains and inland location
(Klinka et al. 2005). The primary climate (Köppen) classi�cation is Cfb, temperate oceanic climate (Kottek
et al. 2006). The climate is characterized by moderate temperatures, with wet, mild winters, and cool,
relatively dry summers (Klinka et al. 2005). Mean annual precipitation and temperature at the
Environment Canada climate station located at the Research Forest (Haney UBC RF Admin, station
number 1103332) are 2131 mm and 9.7°C, respectively (data for 1962 to 2006). Over the duration of our
study, the highest daily average air temperature was 17.0 °C in August at Mike Ck., and the lowest daily
average air temperature was 0.7 °C in March at Upper East Ck. (excluding the 10-day period in January,
which was possibly even colder).

Glacial till and colluvium are the predominant parent materials in MKRF (Klinka, 1976). In the southern
portion, where our sites were located, sur�cial deposits include glacio-�uvial and glacio-marine deposits
from Pleistocene era glaciation, overlaying compacted till or bedrock (Klinka et al. 2005; Klinka, 1976).
The soils formed on these materials are shallow and can be expected to be coarse, acid, and low in basic
cations (Klinka et al. 2005). The soils at both sites were designated a Humo-Ferric Podzol.

2.2 Greenhouse gas and soil sampling

The net soil-atmosphere exchange of CO2, CH4, and N2O was measured using closed, static chambers
(Fig. A.2 in the Supplementary Information). Sampling occurred on a weekly basis from May to
September 2019, and on an approximately monthly basis from October 2019 to May 2020, in order to
capture an annual cycle of GHG �uxes. We decreased the frequency of sampling in the winter months
because winter emission rates are expected to be a small proportion of the annual emission budget in
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temperate climates, since root respiration and microbial activity is low due to the cold temperatures; we
also expect limited emission pulses from freeze-thaw events in our study area since the soils rarely freeze
(Oertel et al., 2016). In all �gures, weekly �ux rate values are averaged to a monthly value.

At each site, six chambers were placed along the study reach (for a total of twelve chambers included in
the study), on level ground, about 1 to 2 m from the stream bankfull margin, in order to capture an area
within the zone of in�uence of the stream (Gregory et al. 1991). Chambers (diameter of 30.5 cm, height of
23 cm) made of grey PVC pipe were permanently inserted about 10 cm below the soil surface, for an
average headspace volume of 9.6 L. Chambers were installed at least 10 days (on average 23 days) prior
to the �rst gas sampling to reduce the effects of soil and root disturbances.

At each site, the chambers were strati�ed according to local groundwater discharge conditions, with half
of the chambers in distinct in groundwater discharge (DIS) and half in non-groundwater discharge (ND)
microsites, in order to account for some of the high spatial variability associated with GHG �uxes from
soils (Vidon, Marchese, Welsh, and McMillan, 2015). These DIS areas, or discrete riparian in�ow points,
occur when upland-originating groundwater converges and discharges in a depression in the topography
of the riparian zone (Kuglerová et al. 2014). The DIS areas were identi�ed in Arcmap 10.6.1 using a 1 m
digital elevation model (DEM) and �ow accumulation modelling using a channelization threshold of 1 ha.
This modelling process assumes that topography and gravity control water movement, and that the
groundwater �ow path follows the ground surface (Kuglerová et al. 2014). The DIS areas were then
con�rmed with �eld observations of topography, wetness, and hydrophilic vegetation. Based on the
groundwater-table level data from the wells installed at each chamber, two DIS areas were re-classi�ed
after the fact in cases where the well was dry for at least 80% of the sampling occasions, resulting in a
�nal total of four replicates of DIS areas and eight replicates of ND areas.

During gas sampling, a white PVC lid was placed on top of the chamber and headspace air samples were
taken at 0, 15, 30, and 45 minutes after closure. Headspace air samples of 20 mL were taken from a
rubber septum sampling port in the middle of the lid using a 23 gauge needle and a 50 mL syringe after
pumping 20 mL of the headspace gas twice to facilitate mixing. The gas sample was then injected into a
pre-evacuated 12 mL exetainer (LabCo Ltd., Lampeter, Wales) until over-pressurized. After gas sampling,
air temperature of the headspace was recorded and two ambient air samples were taken for reference.
Sampling at a site was performed over approximately one hour, between 9:15 and 16:30 h to capture
daily �ux rates. Gas samples were analysed on a 7890A gas chromatograph (Agilent Technologies Inc.,
CA, USA) equipped with a �ame ionization detector and an electron capture detector (Agilent
Technologies Inc., CA, USA).

On each gas sampling date, volumetric soil moisture was recorded at each chamber using a ProCheck
portable probe (Decagon Devices, Inc., Washington, USA) by using the mean of three readings, each no
more than 0.5 m from each chamber. The depth to the groundwater table was also measured on each
sampling date by blowing into a thin tube attached to a meter stick lowered into a well, until the bubbling
noise of the groundwater was heard. The corresponding distance from the groundwater to the top of the
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well, as well as the distance from the soil surface to the top of the well were noted, in order to calculate
the depth to the groundwater table. The wells were made of perforated PVC pipe wrapped in landscape
fabric installed at least 40 cm deep into the soil. Over the entire sampling period, continuous soil
temperature readings were taken at 1 hr intervals using iButton® dataloggers (DS1992L- Thermochron
and DS1923- Hygrochron, Maxim Integrated Products, USA) buried about 10 cm below the soil surface.
Two iButtons were buried a few metres from the most upstream chamber at Upper East Ck. and the most
downstream chamber at Mike Ck.; one at 0.5 m and the other at 1.5 m from the bankfull stream width.
The other two iButtons were buried beside two chambers (one in a DIS and one in a ND area) at each site,
no more than 0.5 from the chamber. Due to an error, the latter two iButtons only recorded until November
2019. Soil temperature measurements for the period of January 12 to January 22, 2020 were excluded
from analysis due to data logger malfunction. Air temperature was measured at each site using two
HOBO U23 Pro v2 data loggers (Onset Computer Corporation, MA, USA) located 0.5 m and 1.5 m from the
stream bankfull width at each study reach. The data were divided into seasons using the days of the
spring and fall equinox, and summer and winter solstice.

2.3 Statistical analysis

Gas �ux rates were calculated by linear regression of gas concentrations over time. Each time series was
evaluated for goodness of �t by visual inspection (Collier et al. 2014). Additional quality control measures
included visual inspection for abnormally high and low values outside the range of reported riparian
emissions, as well as Cook’s Distance statistical test (Zuur et al. 2007). In sum, these quality control
measures resulted in the removal of 11% of �ux rate estimates for CO2, 7% for CH4, and 27% for N2O. Our
�nal dataset had 192, 138, and 153 �ux rate estimates for CO2, CH4, and N2O, respectively. Using the ideal
gas law, the �ux rate was converted to µmol, and then the molecular mass was used to translate this
value into µg or mg following Collier et al. (2014). For statistical analysis, we used the software R 3.6.1 (R
Core Team, 2020, using “glmmTMB” (Brooks et al. 2017) for the linear mixed effects (LME) models, and
“variancePartition” to calculate the relative importance of variables (Hoffman and Schadt 2016). The
models included the response variable of gas �ux rate (or environmental variables) and the �xed effect of
the environmental variables or landscape position, and the AR(1) autoregressive covariance structure to
account for temporal autocorrelation and repeated measures (Kravchenko and Robertson 2015). Annual
GHG emission rates were estimated from the sum of weekly average emission rates, and should be
regarded as approximations since weekly to monthly 45-minute chamber-based measurements may miss
important sources of variation. Weeks with missing data were interpolated from previous and subsequent
weeks’ data. All of the models met the assumptions of normality and homogeneity of variance. For all
statistical analyses, signi�cance was accepted at p < 0.05.

We acknowledge that our statistical models are pseudoreplicated as we only examined two streams, thus
limiting statistical inference and universality of the results. As such, the results should be considered as a
case study. However, we can still glean important information, particularly as the dynamics of GHG �uxes
from riparian areas of headwater streams is an understudied area of research.
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3. Results
3.1 Environmental variables

On average, soil moisture and soil temperature were higher, and the depth to the groundwater table was
lower in the DIS areas. The mean daily soil temperature was 14.6 ± 1.3 °C at the DIS area loggers and
14.0 ± 1.1 °C at the ND area loggers (until November 2019; Fig. 1A; p = 0.65). The mean annual soil
temperature was 8.6 ± 4.4 °C (mean ± SD) at Mike Ck. and 8.2 ± 4.7 °C at Upper East Ck. The average
daily range in soil temperature was 0.69 ± 0.55 °C, across both sites. When averaged across the two sites,
mean daily soil temperature was 14.3 ± 1.1°C in the summer, 7.7 ± 2.8 in the fall, 7.3 ± 3.1 in the spring,
and 4.1 ± 1.3 °C in the winter. For a summary of weekly maximum and minimum values for soil
temperature, soil moisture, and depth to the groundwater table refer to Table A.1 in Supplementary
Information.

Annual mean soil moisture was 1.16 times higher at the DIS areas (54.3 ± 9.5%) than at the ND areas
(46.8 ± 13.6%) (Fig. 1B; p = 0.17). The mean annual soil moisture at the Mike Ck. and Upper East Ck. sites
was 52.5 ± 11.8% and 44 ± 12.5%, respectively. The highest measured mean soil moisture was 76% in
December at Upper East Ck., and the lowest mean soil moisture was 5.6% in May at Mike Ck. When
averaged across the two sites, mean soil moisture was 55.4 ± 10.2% in the winter, 51.9 ± 11.5 in the fall,
49.4 ± 12.4% in the spring, and 46.8 ± 13.4 % in the summer.

On average over the year, the water table was closer to the soil surface at the DIS areas (26.2 ± 9.8 cm)
compared to the ND areas (27.5 ± 9.5 cm) (Fig. 1C,  p = 0.99).  In the fall, the season with the shallowest
mean groundwater table level, the groundwater table was closer to the soil surface in the DIS (20.1 ± 12.4
cm) areas compared to the ND (23.2 ± 11.6 cm) areas. In the spring, the season with the deepest mean
groundwater table level, the mean levels in the DIS (28.9 ± 6.6 cm) and ND (28.7 ± 9.2 cm) areas were
similar. The mean annual depth to the groundwater table for Mike Ck. and Upper East Ck. was 27.1 ± 8.1
cm and 26.7 ± 12.5 cm, respectively. The highest water table depth was 2 cm above the ground surface
(�ooding) on a rainy day in June at a DIS area at Mike Ck. The water table was deeper than what the well
could measure on 35% of sampling occasions, which occurred most often (48%) in the summer. When
averaged across the two sites, the mean depth to the groundwater table was 28.8 ± 8.2 cm in the spring,
closely followed by 28.4 ± 8.3 cm in the summer and 27.5 ± 9.5 cm in the winter. The shallowest mean
seasonal depth to the groundwater table was 22.1 ± 11.8 cm in the fall.

3.2 Spatial and temporal variation in greenhouse gas �uxes

On average, CO2 emission rates (mg CO2-C m-2 h-1) were 1.35 times lower in DIS areas (48.8 ± 27.5)

compared to the ND areas (65.7 ± 35.8; Fig. 2A; p = 0.10). Methane uptake rates (µg CH4-C m-2 h-1) were
1.71 times lower in DIS (-17.0 ± 11.7) areas compared to the ND areas (-29.1 ± 19.3; Fig. 2B; p = 0.10).
There was no difference in the N2O average annual �ux (µg N2O-N m-2 h-1) between the DIS (2.7 ± 2.8)
and ND areas (2.7 ± 2.8; Fig. 2C; p = 0.91). Although none of the GHG �ux rates were statistically
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signi�cantly different between DIS and ND areas according to our LME models (Table A.2 in
Supplementary Information).

The seasonal trend in CO2 �uxes was similar at both the DIS and ND areas. ND areas had a consistently
greater seasonal average rates of CO2 �uxes than DIS areas (Fig. 2A; Table A.3 in Supplementary
Information). The seasonal trend in CH4 �uxes was mostly the same at both the DIS and ND areas. ND
areas had consistently greater seasonal average rates of CH4 uptake than DIS areas (Fig. 2B; Table A.3).
The seasonal trend in N2O �uxes was dissimilar between the DIS and ND areas (Fig. 2C; Table A.3).

According to the LME models, soil temperature was a signi�cant predictor of CO2 and N2O �uxes, where a
degree increase in soil temperature resulted in 4.4 mg increase in CO2 emissions and a 0.34 µg increase

in N2O �uxes (Fig. 3; Table A.3). The marginal r2 values for the soil temperature models for CO2 and N2O
were 0.78 and 0.67, respectively. The analysis of variance partitioning of the environmental variables
showed that soil temperature explained 30.0% of the variation in CO2 �uxes and 26.2% of the variation in
N2O �uxes (Table A.4 in Supplementary Information). Soil moisture was a signi�cant term in the model
explaining CH4 (explaining 9.8% of variation) and N2O �uxes (explaining 13.8% of variation). For every
percent increase in soil moisture, CH4 �uxes increased by 0.35 µg, and N2O �uxes increased by 0.1 µg.

The marginal r2 values for the soil moisture models for CH4 and N2O were 0.14 and 0.23, respectively.
Additionally, depth to the groundwater table was a signi�cant term in the model explaining N2O �uxes,

with a marginal r2 of 0.14. For every centimeter increase in depth to the groundwater table, N2O �uxes
increased by 0.06 µg. The relative importance of the DIS/ND term was relatively low in all cases, but was
most important for CH4 (8.5%).

4. Discussion
The riparian forest soils in this study were on average a net CO2 and N2O source, and CH4 sink. The
estimated cumulative annual (hereafter referred to as annual) CO2 emission rate from soils in this study

(4,194 kg CO2-C ha-1 yr-1) was similar to the reported averages for wetlands (4,130) and boreal forests

(3,220) (Luo and Zhou 2006). Our estimated annual CH4 uptake rate (-2.1 kg CH4-C ha-1 yr-1) was similar
to the reported averages for temperate grasslands (-3.2), boreal forests (-1.9), and deserts (-2.1), (Dalal
and Allen 2008). Riparian areas tend to have shallow water tables and higher soil moisture levels than
upland ecosystems, similar to wetland ecosystems (Vidon et al. 2018). Nevertheless, the CH4 �ux rates in
this study were more similar to values for forests than wetlands, which are often sources of CH4 (Dalal

and Allen 2008). Our estimated annual N2O �ux rate (0.2 kg N2O-N ha-1 yr-1) was similar to, but lower
than, the reported averages for boreal forests (0.4) and deserts (0.5) (Dalal and Allen 2008). A few studies
have reported similarly low annual N2O �ux rates (kg N2O-N ha-1 yr-1), including a temperate forest in
Japan (0.2) (Morishita et al. 2007), a boreal forest in Finland (0.04) (Pihlatie et al. 2007), and a swamp
forest in Indonesia (0.3) (Furukawa et al. 2005).
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There are very few studies of GHG emissions that are explicitly reported for the riparian zones of
headwater streams (e.g. Leith et al. 2015). Often stream order, stream width, or catchment size are not
reported, so the designation of a headwater stream cannot be determined (Richardson and Danehy
2007). This apparent lack of studies alongside headwater streams represents a gap in the literature, given
the ubiquity of headwater streams across many landscapes and their vulnerability to human disturbance
(Richardson, 2020).

4.1 Spatial variation in greenhouse gas �uxes

While none of the GHG �ux rates were signi�cantly different between the DIS and ND areas, there were
several pieces of evidence that provided support for the mechanisms underlying our hypothesis that DIS
areas would have higher soil moisture due to groundwater in�uence compared to ND areas, resulting in
greater anaerobically produced CH4 and N2O emissions and lower aerobically produced CO2 emissions.
Methane uptake was on average 1.71 times lower, and CO2 emission rates were 1.35 times lower, at the
DIS areas than the ND areas. The water table and soil moisture were on average 1.05 and 1.16 times
higher, respectively, at the DIS sites compared to the ND sites. Additionally, the variation in soil moisture
was greater in the ND areas than the DIS areas, potentially indicating a stabilizing in�uence of
groundwater inputs. These conditions in DIS areas are likely a result of upland-originating groundwater
converging and discharging in a depression in the riparian zone (Kuglerová et al. 2014). This trend in
variability was also re�ected in the GHG �ux rates, where variability was consistently higher at the ND
areas than the DIS areas across seasons for CO2 and CH4, and N2O (Table A.3).

Nitrous oxide emission rates were on average higher at the DIS than the ND areas, except in the summer.
When accounting for the wet forest soils that made up less than half of a catchment in Denmark, the
global warming potential from N2O and CH4 more than doubled (Christiansen et al. 2012). Other studies
have found variations in GHG emission rates based on soil water content. For instance, soil moisture
explained 65% and 45.8% of variation in CO2 and CH4 �uxes, respectively, from peat bogs in the Paci�c
coastal temperate rainforest of Canada (Levy-Booth et al. 2019). In central Indiana, the topographical
depressions only covered <8% of the land area, but accounted for 78% of annual CH4 emissions (Jacinthe
et al. 2015). Depending on the local conditions, CO2 emissions may not always be limited in riparian
zones. Porewater CO2 concentrations across a riparian hillslope transect of a headwater stream in
Sweden were on average higher in the riparian zone than in the hillslope, likely due to enhanced
productivity in the riparian zone and greater mobilization of CO2 due to the generally wetter conditions
found in riparian zones (Leith et al. 2015).

The lack of a signi�cant difference in �ux rates between the DIS and ND areas, may be because the soil
moisture is already relatively high in the riparian zone of headwater streams in southwestern British
Columbia, due to the wet climate and interaction with the stream channel (Moore et al. 2005). Therefore,
the additional moisture in the DIS areas may not play as important of a role in predicting GHG emissions
as it might in a more arid landscape, such as Spain (Poblador et al. 2017), where the mean depth to the
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groundwater table was 54 cm in a headwater catchment, compared to 27 cm in our study. Alternatively,
the lack of signi�cant difference in �ux rates between the DIS and ND areas may have been due to the
large spatial variation within both the DIS and ND areas, and too few spatial replicates.

In contrast to the results of this study, in a parallel study (Silverthorn and Richardson 2021), we found
that CH4 uptake was signi�cantly lower in DIS areas. In addition to the reference streams examined in
this study, our parallel study considered riparian zones of streams running through harvested forest
stands (with and without a riparian buffer zone). Therefore, although CH4 uptake may not be statistically
signi�cantly lower in the DIS areas of relatively undisturbed riparian zones, DIS areas had lower CH4

uptake (and were a CH4 source more often) than ND areas under disturbed ecosystem conditions. An
explanation for this discrepancy could be that forest harvest causes generally drier surface soil due to
increased evaporation from the solar radiation coming in to the riparian zone (Moore et al. 2005). At the
same time clear-cutting causes a rise in the water table due to reduced catchment-wide transpiration
rates (Bliss and Comerford 2002). This rise is disproportionately higher in DIS areas due to the already
shallow groundwater table, resulting in drier ND areas and wetter DIS areas in clear-cut compared to
undisturbed riparian zones.

4.2 Temporal variation in greenhouse gas �uxes

Greenhouse gas �uxes are strongly controlled by environmental factors that often �uctuate throughout
the year. As we hypothesized, GHG �uxes had signi�cant temporal variation associated with seasonal
changes in soil temperature, groundwater level, and soil moisture, with peak gas emissions occurring in
the wettest and/or warmest months. Carbon dioxide emission rates were greatest in the summer in both
DIS and ND areas, with soil temperature explaining 30.0% of the variation. Soil moisture had the highest
relative importance (9.8%) for CH4 uptake, which was highest in the summer for DIS areas and in the
spring for ND areas. The relationship between CH4 �ux rate and soil moisture differed based on
groundwater in�uence. At the ND areas, CH4 uptake decreased with increasing soil moisture, while in the
DIS areas CH4 uptake increased with increasing soil moisture. Similarly, variation in CH4 �uxes from soils
in a Paci�c coastal temperature rainforest in North America were related to soil water content, with
increased uptake rates with decreasing soil moisture in upland soils, and increased emission rates with
increasing soil moisture in wet soils (Christiansen et al. 2016). Nitrous oxide emission rates peaked in the
summer at both the DIS and ND areas, with soil temperature explaining 26.2% and soil moisture
explaining 13.8% of the variation. Nitrous oxide �uxes have been found to peak at intermediate levels of
soil moisture (Christiansen et al. 2012), and to have a positive relationship with �ooding of the
groundwater table (Mander et al. 2015).

Our results were in line with other temporal studies of riparian GHG �ux rates. For example, seasonal
differences in CO2 rates were correlated with soil temperature in riparian wetland ecosystems in northeast
China (Sun et al. 2013). Carbon dioxide emission rates in a riparian �oodplain forest in Indiana, USA
showed a strong seasonal pattern, with peak rates in the spring and summer, and lowest rates in the fall
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and winter, signi�cantly related to soil temperature (Jacinthe 2015). Soil moisture was determined to
control the magnitude of potential CH4 �uxes in Paci�c temperature rainforest of Canada, where wet
forest soils produced signi�cantly higher amounts of CH4 than upland forest soils, due to a greater
abundance of CH4-producing Archaea (Christiansen et al. 2017). Soil temperature, soil moisture, and soil
nitrogen levels were signi�cantly related to N2O emissions, with peak N2O emissions observed in the
summer from a riparian forest in southern Ontario, Canada (De Carlo et al. 2019)ndscapes.

5. Conclusions
In conclusion, we found that the seasonal variations in GHG �uxes from riparian soils alongside
headwater streams were in�uenced to different degrees of importance by changes in soil moisture, soil
temperature, and depth to the groundwater table. The seasonal trends in emission rates were typically
similar at the DIS and ND areas, although there was consistently greater variability in greenhouse gas �ux
rates at the ND areas than the DIS areas. The summer months most often had peak emission rates,
although the other seasons still had sizeable GHG contributions. Our results showed that seasonal
�uctuations in greenhouse gas �uxes were primarily driven by soil temperature (for CO2 and N2O) and soil
moisture (for CH4). Although not signi�cant, we found on average lower CH4 uptake and lower CO2

emissions in the DIS areas than the ND areas.

The results of this research further our understanding of the seasonal and spatial dynamics of GHG
�uxes in riparian zones of headwater streams. To date, these dynamics have been understudied, despite
the unique conditions and prevalence of riparian zones of headwater streams across many landscapes.
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Table 1 Characteristics of riparian study sites alongside headwater streams in Malcolm

Knapp Research Forest, British Columbia, Canada

  Mike Upper East

Stream bankfull width (m) 1.97 4.14

Catchment area (ha) 39.4 37.0

Elevation (m) 267 311

Reach length (m) 72 54

Bank slope (°) 7 29

Stream slope (°) 5 7

Figures
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Figure 1

Environmental variables measured over time at groundwater discharge (DIS) and non-groundwater
discharge (ND) areas in the riparian zone of two headwater streams in coastal British Columbia (A-C). A)
Mean daily soil temperature measured ~10 cm below the soil surface from June 2019 to November 2019
(see Fig. A.1 in Supplementary Information for mean soil temperature by site for the entire study period).
B) Soil moisture measured as mean volumetric soil water content (%) from May 2019 to May 2020. C)
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Mean depth to the groundwater table (cm) from May 2019 to May 2020. The shaded area (A) and error
bars (B and C) indicate standard deviation. For B and C, the lines connecting the points are for visual
effect only and are not meant to indicate continuous measurements

Figure 2

Riparian forest soil A) carbon dioxide (mg CO2-C m-2 h-1), B) methane (µg CH4-C m-2 h-1), and C) nitrous
oxide (µg N2O-N m-2 h-1) �ux rates from groundwater discharge (DIS) and non-groundwater discharge
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(ND) areas of forested riparian areas alongside two headwater streams in the Paci�c coastal temperate
rainforest of British Columbia from May 2019 to May 2020. Boxplots display the median, 25th and 75th
percentiles, whiskers (1.5 times the IQR), and individual outliers (dots)

Figure 3

Relationships between greenhouse gas �uxes from riparian soils along headwater streams in coastal
British Columbia and the environmental variables of daily mean soil temperature (°C), mean volumetric
water content (%), and mean depth to groundwater table (cm), by site. Trend lines for water content and
depth to groundwater are based on LME models accounting for autocorrelation, and the trend lines for
soil temperature are linear regressions due to the limited data
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