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Abstract.

Riparian zones play a fundamental role in regulating the amount of carbon (C) and nitrogen (N) that is exported from
catchments. However, C and N removal via soil gaseous pathways can influence local budgets of greenhouse gases (GHG)
emissions and contribute to climate change. Over a year, we quantified soil effluxes of carbon dioxide (CO2) and nitrous oxide
(N20) from a Mediterranean riparian forest in order to understand the role of these ecosystems on catchment GHG emissions.
In addition, we evaluated the main soil microbial processes that produce GHG (mineralization, nitrification, and denitrification)
and how changes in soil properties can modify the GHG production over time and space. Mediterranean riparian soils emitted
large amounts of CO; to the atmosphere (1.2 — 10 g C m2 d™?), but were powerless sources of N,O (0.001 — 0.2 mg N m2 d?)
due to low denitrification rates. Both CO and N,O emissions showed a marked (but antagonistic) spatial gradient as a result
of variations in soil moisture across the riparian zone. Deep groundwater tables fueled large soil CO; effluxes near the hillslope,
while N2O emissions were higher in the wet zones adjacent to the stream channel. However, both CO; and N-O emissions
peaked after spring rewetting events, when optimal conditions of soil moisture, temperature, and N availability favor microbial
respiration, nitrification, and denitrification. Overall, our results highlight the role of riparian soils as hotspots of GHG
emissions, and suggest that future alterations in hydrologic regimes can affect the microbial processes that produce GHG as

well as the contribution of these systems to climate change.
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1 Introduction

Riparian zones are hotspots of nitrogen (N) transformations across the landscape, providing a natural filter for nitrate (NO3’)
transported from surrounding lands via runoff and subsurface flow paths (Hill, 1996; Vidon et al., 2010). Although interest in
riparian zones has primarily been motivated by the benefits of these ecotones as effective N sinks, enhanced microbial activity
in riparian landscapes can play a key role in atmospheric pollution. In temperate riparian zones, the primary N removal
mechanism is denitrification, an anaerobic process whereby NOj is transformed to N gas or, less frequently, to nitrous oxide
(N20) (Clément et al., 2002). In those cases, soil nitrification and denitrification can increase atmospheric N,O concentration
by emitting up to 30 kg N ha? yr? (i.e. 70% of total emissions) of this powerful “greenhouse” gas (GHG) to the atmosphere
(Audet et al., 2014; Cole et al., 1996; Groffman et al., 2000; Hefting et al., 2003). Moreover, the saturation of soils can support
large methane (CHa) fluxes that account for the 15 — 40 % of global emissions (Audet et al., 2014; Segers, 1998). Conversely,
in arid or semi-arid regions, aerobic transformations involved in the oxidation of the organic matter and reduced C and N forms
(i.e. respiration, mineralization, nitrification, methane oxidation) dominate the riparian biogeochemistry (Harms and Grimm,
2008). While these processes can minimize riparian CH4 emissions, they can also contribute to increase atmospheric
concentrations of both N,O and carbon dioxide (CO;) (Batson et al., 2015). Yet, information remains scarce regarding the

impact of arid and semi-arid riparian soils on the total CO, and N>O emissions from catchments.

Gas emissions from riparian soils appear to be very variable over space, reaching contradictory results concerning the potential
role of riparian zones as sinks or sources of GHG emissions (Bruland et al., 2006; Groffman et al., 1992; Harms et al., 2009;
Walker et al., 2002). Multiple environmental variables, such as soil temperature, moisture, and both C and N availability have
been identified as key factors influencing the rate and variability of GHG exchange dynamics (Chang et al., 2014; Hefting et
al., 2003; Mander et al., 2008; McGlynn and Seibert, 2003). However, all these factors tend to show strong gradients across
riparian zones, which ultimately may affect the spatial pattern of GHG emissions. For instance, the riparian-hillslope edge has
higher C and NOs™ concentrations compared to the near-stream area, and thus, this zone is commonly considered as a hotspot
of microbial activity and GHG effluxes within riparian systems (Clément et al., 2002; DeSimone et al., 2010; Dhondt et al.,
2004; Hedin et al., 1998). However, in arid or Mediterranean riparian zones, the riparian-hillslope edge is commonly water
limited, which may deplete (or even inhibit) the soil microbial activity (Linn and Doran, 1984; Lupon et al., 2015). Therefore,
spatial patterns of gas emissions in Mediterranean riparian zones may differ greatly from those reported in other systems, yet

this sort of information still remains poorly unknown.

In addition, arid and Mediterranean regions are subjected to seasonal alterations of precipitation and temperature regimes that
might affect microbial activity in riparian soils, which ultimately may difficult to upscale the relative significance of their
riparian zones as GHG sources (Bernal et al., 2007; Bruland et al., 2006; Harms et al., 2009; Harms and Grimm, 2008).
Increments in GHG emissions in riparian zones can occur following storms because sharp increments in soil moisture enhance

denitrification, respiration, and methanogenesis rates (Casals et al., 2011; Werner et al., 2014, Harms and Grimm 2012,
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Jachinte et al 2005). Conversely, GHG emissions tend to be lower in winter as a result of low temperatures and soil moisture
content (Chang et al., 2014). Finally, soil N.O and CH4 emissions may be low or insignificant during dry summers, while CO-
emission can be enhanced due to the warmer temperatures, which induce increases in respiration rates (Batson et al., 2015;
Chang et al., 2014; Lupon et al., 2016). Therefore, improved understanding of interactions among soil properties, microbial
processes, and gas emissions within Mediterranean riparian zones is necessary to estimate the contribution of these ecosystems
to atmospheric GHG budgets at global scale.

Despite of the importance of riparian GHG emissions for the environment, only few studies have measured simultaneously
several GHG effluxes in Mediterranean regions. Here, we aimed to evaluate patterns and controls of CO, and N2O emissions
in a Mediterranean riparian forest and to assess how changes in soil properties and soil N processes across a riparian gradient
can vary the gas effluxes from the hillslope edge to near-stream zones. We did not measured CH4 emissions because they are
considered negligible in Mediterranean systems (Batson et al., 2015; Gdmez-Gener et al., 2015). We hypothesized that the
studied riparian forest would emit large amounts of CO,, but not of N,O, to the atmosphere because aerobic soil conditions
would favor mineralization over denitrification during most of the year. Moreover, we hypothesized that soil GHG emissions
would differ across the riparian gradient as a result of changes in groundwater level, soil texture, and substrate availability.
We expected that C-rich soils located near the hillslope would exhibit high CO. emissions, while high N.O emissions would
occur in the wet soils adjacent to the stream. Finally, we expected that temporal variability in soil moisture, temperature, and
both C and N availability would drive seasonal changes in gas emissions, with peaks of N.O and CO, emissions occurring

during the wet (spring and fall) and dry (summer) seasons, respectively.

2 Study site

The research was conducted in a riparian forest of Font del Regas, a forested headwater catchment (14.2 km?, 500 - 1500 m
above the sea level (a.s.l.)) located in the Montseny Natural Park, NE Spain (41°50°N, 2°30’E). The climate is sub-humid
Mediterranean; with mean temperature ranging from 5°C in February to 25°C in August. In 2013, annual precipitation (1020
mm) was higher than long-term average (925 + 151 mm), with most of rain falling in spring (500 mm) (Fig. 1a). Total inorganic
N deposition oscillates between 15-30 kg N ha™* yr (period 1983-2007; Avila and Roda, 2012).

We selected a riparian site (~600 m?, ~30 m wide) that flanked a 3" order stream close to the catchment outlet (536 m a.s.l.,
5.3 km from headwaters). The riparian site was divided into three zones characterized by different species composition. The
near-stream zone was located adjacent to the stream (0-4 m from the stream edge) and was composed of Alnus glutinosa (45%
of basal area) and Populus nigra (33% of basal area). The intermediate zone (4-7 m from the stream edge) was composed by
P. nigra and Robinia pseudoacacia (29% and 71% of basal area respectively). Finally, the hillslope zone (7-30 m from the
stream edge) bordered upland forests and was composed by R. pseudoacacia (93% of basal area) and Fraxinus excelsior (7%

of basal area). The three riparian zones had sandy-loam soils (bulk density = 0.9-1.1 g cm®), with a 5-cm deep organic layer
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followed by a 30-cm deep A-horizon. The top soil layer (0-10 cm depth) was mainly composed by sands (~90%) and silts
(~7%) at the near-stream zone, whereas gravels (~16%) and sands (~80%) were the dominant particle sizes at the intermediate
and hillslope zones. During the study period, groundwater level (GWL) averaged -54 + 14 cm below the soil surface (b.s.s.)
at the near-stream zone, and decreased to -125 + 4 and -358 + 26 cm b.s.s. at the intermediate and hillslope zones, respectively
(Fig. 1b).

3 Materials and methods

3.1 Field sampling

We delimited five plots (1 x 1 m) within each riparian zone (near-stream, intermediate and hillslope). During the year 2013,
soil physicochemical properties, soil N processes, and gas emissions were measured in each plot every 2-3 months in order to
cover a wide range of moisture and temperature conditions. On each sampling month, one soil sample (0-10 cm depth,
including O- and A- horizons) was collected randomly from each plot to analyze soil physicochemical properties. Soil samples
were taken with a 5-cm diameter core sampler and placed gently into plastic bags after carefully removing the litter layer. Close
to each soil sample, we performed in situ soil incubations to measure soil net N mineralization (NNM) and net nitrification (NN)
rates (Eno, 1960). For this purpose, a second soil core (0-10 cm depth) was taken, placed in a polyethylene bag, and buried at

the same depth. Soil incubations were buried 4 days and then removed from the soil.

Gas emissions and denitrification rates were measured simultaneously and during four consecutive days (i.e. during the entire
soil incubation period) in order to facilitate the direct comparison between microbial rates and gas fluxes. Soil CO; effluxes
were measured by using a SRC-1 soil chamber attached to an EGM-4 portable infrared gas analyzer (IRGA) (PP Systems,
Amesbury, MA). The EGM-4 has a measurement range of 0-2000 ppm (umol mol?), with an accuracy of 1% and a linearity
of 1% throughout the range. CO, emissions rates were calculated as the amount of CO2 accumulated in the head-space of the
EGM-4 chamber after an incubation time of c.a. 120 s. In situ denitrification rates (DNT) and N.O emissions were measured
using closed cylinder (0.37 L) and open cylinder (0.314 m?) chambers, respectively. For DNT analyses, an intact soil core (0-
10 cm depth) was introduced in the chamber, closed with a rubber serum stopper, amended with acetone-free acetylene to
inhibit the transformation of N2O to N, (10% v/v atmosphere), and placed at the same depth. For N2O analysis, chambers were
placed directly on the soil and no special treatment was carried out. Gas samples for both DNT and N2O chambers were taken
at the same time (Oh, 1h, 2h, and 4h of incubation) with a 20-mL syringe and stored in evacuated tubes. All soil and gas samples

were kept at < 4°C until laboratory analysis (< 24 h after collection).

Soil physical properties were measured within each plot simultaneously to gas emissions. VVolumetric soil moisture (SWC, %)
(5 replicates per plot) and soil temperature (Tsoil, °C) (1 replicate per plot) were measured at 10-cm depth by using a time-
domain reflectometer sensor (HH2 Delta-T Devices Moisture Meter) and a temperature sensor (CRISON 25), respectively.

Soil pH and reduction potential (Eh, mV) (1 replicate per plot) were measured at 0-10 cm depth by water extraction (1:2.5 v/v)

4
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using a Thermo-Scientific ORION sensor (STAR 9107BNMD). Although Eh measures performed by water extraction may
not be as accurate as other field technics, these values have been previously used as a good proxy of the soil redox potential
(Yu and Rinklebe, 2013).

3.2 Laboratory analyses

Pre-incubation soil samples were oven dried at 60°C, sieved, and the fraction <2 mm was used for measuring soil chemical
properties. The relative soil organic matter content (SOM, %) was measured by loss on ignition (450°C, 4 h). Total soil C and
N contents were determined on a gas chromatograph coupled to a TCD detector after combustion at 1000°C at the Scientific
Technical Service of the University of Barcelona.

To estimate microbial N processes, we extracted 5 g of pre- and post- incubation field-moist soil samples with 50 ml of 2 M
KCI (1g : 10ml, ww : v; 1 h shacking at 110 r.p.m. and 20°C). The supernatant was filtered (Whatman GF/F 0.7 um pore
diameter) and analyzed for ammonium (NH.*) and nitrate (NOs’). NH4* was analyzed by the salicilate-nitropruside method
(Baethgen and Alley, 1989) using a spectrophotometer (PharmaSpec UV-1700, SHIMADZU). NOs was analyzed by the
cadmium reduction method (Keeney and Nelson, 1982) using a Technicon Autoanalyzer (Technicon, 1987). For each pair of
samples, NNM and NN were calculated as the differences between pre- and post-incubations values of inorganic N (NH.* and
NOs") and NOg', respectively (Eno, 1960). Pre-incubation NH4* and NOs™ concentrations were further used to calculate the

availability of dissolved inorganic nitrogen (DIN) in riparian soils.

To estimate DNT and natural N,O emissions, we analyzed the N,O of all gas samples using a gas chromatograph (Agilent
Technologies, 7820A GC System). Both DNT and N>O emissions rates were calculated as the amount of NoO accumulated in
the head-space of the chamber after 4h of incubation. In addition, we measured the denitrification enzyme activity (DEA) for
3 soil cores of each riparian zone to determine the factors limiting denitrification. For each soil core, four sub-samples (20 g
of fresh soil) were placed into 125-ml glass jars containing different treatments. The first jar (DEAwmg) contained Milli-Q water
(20 ml) to test anaerobiosis limitation. The second jar (DEAc) was amended with glucose solution (4 g glucose kg soil) to
test C limitation. The third jar (DEAnos) was amended with nitrate solution (72.22mg KNOs kg soil™?) to test N limitation.
Finally, the fourth jar (DEAc+nos) was amended with both nitrate and glucose solutions (4 g glucose kg soil* and 72.22mg
KNOs; kg soil™) to test simultaneously C and N limitation. All jars were capped with rubber serum stoppers, made anaerobic
by flushing N, and amended with acetone-free acetylene (10% v/v) (Smith and Tiedje, 1979). Gas samples were collected
after 4 h and 8 h of incubation and analyzed following the same procedure of field DNT samples. DEA rates were calculated

as the rate of N,O accumulation in the headspace.

3.3 Data analysis
Statistical analyses were carried out using the package Imer and pls of R 2.15.1 statistical software (R Core Team, 2012). We

performed mixed-model analysis of variance (ANOVA) to test differences in soil properties, microbial N processes, and gas

5
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emissions across riparian zones and seasons. We used riparian zone and season as fixed effects, and plot (nested within riparian
zones) as a random effect. When multiple samples were taken within a plot (soil physical properties, DNT, and gas emissions),
the ANOV A was performed on plot means, with n =75 (5 plots x 3 zones x 5 dates). For each model, post-hoc Tukey contrasts
were used to test which zones or seasons differed from each other. In all cases, residuals were tested for normality using a
Shapiro-Wilk test, and homogeneity of variance was examined visually by plotting the predicted and residual values. In those
cases that the normality assumption was unmet, data was log transformed. In all analyses, differences were considered
significant when p < 0.05.

We used partial least squares regression (PLS) to explore how soil properties, C and N availability, GWL, and soil N processes
predict variation in CO2 and N2O emissions. PLS identifies the relationship between independent (X) and dependent (Y) data
matrices through a linear, multivariate model; and produces latent variables (PLS components) representing the combination
of X variables that best describe the distribution of observations in ‘Y space’ (Eriksson et al., 2006). We determined the
goodness of fit (R?Y) and the predictive ability (Q2?Y) of the model by comparing modeled and actual Y observations through
a cross-validation process. Each model was refined by iteratively removing variables that had non-significant coefficients in
order to minimize the model overfitting (i.e. low Q2Y values) as well as the multicollinearity of the explanatory variables (i.e.
variance inflation factor (VIF) <5). Furthermore, we identified the importance of each X variable by using variable importance
on the projection (VIP) scores, calculated as the sum of square of the PLS weights across all components. VIP values > 1
indicate variables that are most important to the overall model (Eriksson et al., 2006). In all PLS models, data was ranked and

centered prior analysis.

4 Results

4.1 Spatial pattern of soil properties, microbial rates, and gas emissions

During the study period, all riparian zones had similar mean soil temperature (11 — 12°C), pH (6 — 7) and redox potential (170
—185mV) (Table 1). However, soil moisture exhibited strong differences across riparian zones (Table 2), with the near-stream
zone holding wetter soils than the intermediate and the hillslope zones (Table 1). There were significant differences in most of
soil chemical properties (Table 1, Table 2). Both SOM and soil C and N content were 2-fold lower in the near-stream zone
than in the intermediate and hillslope zones, though all zones exhibited similar C:N ratios (CN = 14). Moreover, DIN

concentrations (NH4* and NOs") were from 2- to 5-fold lower for the near-stream zone than for the other two zones.

On annual basis, NNM averaged 0.14 + 0.40, 0.39 + 1.23, and 0.22 + 1.03 mg N kg d*! at the near-stream, intermediate, and
hillslope zones, respectively. Mean annual NN rates were close to NNM, averaging 0.17 + 0.38, 0.25 + 0.69, and 0.28 + 0.73
mg N kg d*at the near-stream, intermediate, and hillslope zones, respectively. There were no significant differences in mean
annual NNM and NN rates among riparian zones (in both cases: mixed-model ANOVA test, F > Fq 05, p > 0.05). Mean annual
DNT was higher at the near-stream zone (2.69 + 5.30 mg N kg* d?) than at the intermediate (0.72 + 1.85 mg N kg* d!) and
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hillslope (0.76 + 1.59 mg N kg d) zones (mixed-model ANOVA test, F = 4.33, p = 0.038). However, potential DNT rates
were lower in the near-stream zone (0.3 — 0.6 mg N kg* d') compared to intermediate (1.0 — 2.4 mg N kg* d*) and hillslope
(1.3 3.8 mg N kg d?) zones (Table 3).

Natural COzand N,O emissions differed among riparian zones, yet they showed opposite spatial patterns. Near-stream zone
exhibited lower CO, emissions (318 + 195 mg C m h't) compared to the intermediate (472 + 298 mg C m h') and hillslope
(458 £ 308 mg C m2 h'%) zones (mixed-model ANOVA test, F = 7.08, p = 0.009). Conversely, near-stream zone showed higher
N2O emissions (0.035 + 0.022 mg N m h') than the other two zones (intermediate = 0.032 + 0.025 mg N m h%; hillslope =
0.022 +0.012 mg N m2 h?) (mixed-model ANOVA test, F = 7.31, p = 0.008).

4.2 Temporal pattern of soil properties, microbial rates, and gas emissions

During the study period, there was a marked seasonality in most of soil physical properties, except for pH and Eh, which did
not show any temporal pattern (Table 2). Soil moisture showed a marked seasonality, though it differed among riparian zones
(Table 2, “zone x season”). In the intermediate and hillslope zones, soil moisture was maxima in November and minima in
August, while the near-stream soils were wetter during both spring (April-June) and autumn (November) (Fig. 2a). Conversely,
soil temperature showed similar seasonality but opposite values in all riparian zones (Table 2), with a maxima in summer
(August) and minima in winter (February) (Fig. 2b). Soil chemical properties (SOM and both soil C and N content) did not
show any seasonal trend, but all riparian zones exhibited lower C:N ratios in February compared to the other seasons (Fig. 2c).
There was no seasonality in soil NH4* concentrations at any riparian zone (Table 2). However, soil NOs™ concentrations showed
a marked temporal pattern, yet it differed among riparian zones (Table 2, “zone x season”). The highest soil NOsz
concentrations occurred in February at both the near-stream and hillslope zones, but in June-August at the intermediate zone
(Fig. 2d).

Soil N processes showed similar seasonal patterns in all riparian zones (in all cases: Faate < Fo.05, Finteraction > Fo.05). Both NNM
and NN rates were higher in April than February, June, and November (Fig. 3a and 3b), while DNT rates were higher in April
and June compared to the rest of the year (Fig. 3c). In April, both NNM and NN rates differed across riparian zone, with
higher rates in the intermediate zone than in the near-stream one. NNM rates also differed in August, when the intermediate
zone exhibited 2-fold higher rates than the other two zones. Finally, DNT was higher at the near-stream than at the other two

zones in both June and August.

Natural gas emissions showed a clear seasonal pattern (in both cases: mixed-model ANOVA test, Fgae < Foos, p < 0.001), yet
it differed between CO; and N2O emissions. In all zones, CO, emissions were maxima in June and minima in February (Fig.
4a), while highest N2O emission rates occurred in April and lowest in both February and August (Fig. 4b). In spring (April
and June), CO, emissions were higher at the intermediate and hillslope zones compared to the near-stream one (Fig. 4a).
Moreover, the near-stream zone showed higher N>O emissions than the hillslope zone in February, April, and June (Fig. 4b).

7
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4.3 Relationship between soil properties, microbial processes, and gas emissions

PLS models extracted two components that explained the 71% and the 40% of the variance in CO2 and N,O emissions,
respectively (Table 4). The model predictability was high for CO, (Q?Y = 0.66), but weak for N2O (Q?Y = 0.34). Moreover,
PLS models identified few variables as key predictors of GHG emissions (VIF < 2, VIP > 0.8), yet these variables differed
between CO; and N,O emissions (Table 4). Soil temperature (PLS coefficient [coef] = +0.60), and soil moisture (coef = -0.24)
explained most of the variation in CO; emissions (Fig. 5a). Conversely, variations in N2O emissions were primarily related to
changes in denitrification rates (coef = +0.45), soil moisture (coef = +0.21) and, to less extent, groundwater level (coef = -
0.16) (Fig. 5b).

5 Discussion

5.1 Daily soil GHG emissions

Mean daily emissions of CO, found in the present study (1.2 — 10 g C m2 d) were generally high, especially during spring
and summer months. These soil CO, emissions were higher than those reported for wetlands or riparian zones in temperate
and boreal systems (0.2 — 4.8 g C m? d) (Batson et al., 2015; Bond-Lamberty and Thomson, 2010; Mander et al., 2008),
although similar values have been reported in some dry forested wetlands of Europe and North America (Harms and Grimm,
2008; Oertel et al., 2016). These substantially high CO, emissions observed in Font del Regas may be attributed to high in-
situ microbial respiration associated with relatively moist and SOM enriched soils (Mitsch and Gosselink, 2007; Pacific et al.,
2008; Stern, 2006). In agreement, previous studies have reported that microbial heterotrophic respiration can be an important
contributor (> 60%) to CO; effluxes in semi-arid and Mediterranean riparian zones (Harms and Grimm, 2012; McLain and
Martens, 2006). However, the absence of a relationship between soil N processes and CO; emissions suggests that other
microbial heterotrophic processes rather than N mineralization may drive CO, emissions in this Mediterranean riparian zone,
and thus, soil N mineralization may be not a good descriptor of bulk organic matter mineralization. Moreover, plant roots
respiration and methane oxidation can increase the CO, emissions in riparian soils with deep groundwater tables such as in
Font del Regas (Chang et al., 2014). Accordingly, extremely low or negative CH, emissions (-0.06 — 0.42 mg C m? d) have
been reported in dry riparian zones, which only exhibited high values when soils saturated during flood events (Batson et al.,
2015; Harms and Grimm, 2012; Jacinthe et al., 2015). During the study period, riparian soils were never saturated, and thus,

we expect a negligible contribution of our riparian soils to global CH4 emissions.

Conversely, N2O emissions of our riparian site (0.001 — 0.2 mg N m2 d?) were relatively low during the whole year. Similar
N,O emissions were reported in other water limited riparian forests that are rarely flooded (-0.9 — 0.39 mg m2 d*%; Bernal et
al., 2003; Harms and Grimm, 2012; Vidon et al., 2016), yet these values were, on average, much lower than those found in
temperate riparian zones (0 — 54 mg N m2 d%; Burgin and Groffman, 2012; Hefting et al., 2003; Mander et al., 2008). In Font
del Regas, low gas emissions may be partially attributed to low denitrification rates, as we found an intimate link between this

microbial process and N>O emissions. Likely, the inhibition of denitrification was caused by soil dryness because, at our site,
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riparian groundwater table usually flowed well below the soil surface (> 50 cm b.s.s.), and thus, optimal moisture conditions
for denitrification (SWC > 60%; Pinay et al., 2007) were infrequent even in spring, when large rainfall events occurred. Yet,
area-specific denitrification rates (0.1 — 0.3 mg N m2 d*) were one order of magnitude higher than soil N>O emissions,
suggesting that N rather than N,O was the major product yielded by denitrification in our riparian site. Additionally, other
processes such as nitrification or nitrate ammonification can contribute to N,O emissions (Baggs, 2008; Hefting et al., 2003).
However, it seems unlikely that nitrification could account for the observed N,O emissions because no relationship was found
between net nitrification rates and N>O emissions, while relatively oxic conditions (Eh > 100) and low C:N ratios (C:N < 20)
suggest low nitrate ammonification in riparian soils (Schmidt et al., 2011). Currently, the influence of soil denitrification on
N2O emissions in riparian zones is still under debate (Giles et al., 2012). Nonetheless, our results suggest that performing
simultaneous measurements of different soil N processes can contribute to disentangle the mechanisms underlying net N,O

emissions in riparian areas.

There is still little research available on whether processes occurring in riparian soils can have any implication at larger spatial
scales and how the mechanisms underlying such GHG emissions can ultimately modify catchment GHG fluxes. Our results
suggest that Mediterranean riparian soils can be a powerless source of N,O to the atmosphere because daily N2O emissions
equaled, on average, to 8.9 mg C m2 d* (based on N,O:CO; radiative warming equivalent of 1:298; Forester et al., 2007).
However, the CO; effluxes recorded in our Mediterranean riparian soils were much higher than those found in their surrounding
uplands (0.1 — 3.3 g C m? d*; Barba et al., 2016; Kesik et al., 2005) and streams (0.2 — 5.5 g C m d!; Gdmez-Gener et al.,
2015; von Schiller et al., 2014). When accounting for all GHG (CO, + N2O), our study suggest that riparian soils can emit
between 438 — 3650 g C m? yr. Assuming that GHG emissions (COz + N,0) from upland evergreen oak and beech soils
(54% and 38% of the catchment, respectively) are similar to other Mediterranean regions (oak: 19 — 1240 g C m2 yr%; Asensio
etal., 2007; Inclan et al., 2014; beech: 214 — 1182 g C m2 yr'*; Guidolotti et al., 2013; Kesik et al., 2005), then riparian soils
can contribute 16- 22% of total catchment soil GHG emissions despite occupying a small area of the catchment (6%). Although
these estimates are rough, our results clearly pinpoint that riparian soils can be potential hot spots of GHG emissions within
Mediterranean catchments. These findings contrast with the common knowledge that water limited riparian soils are powerless
GHG sources to the atmosphere (Bernal et al., 2007; Vidon et al., 2016) and stress the importance of simultaneously consider

several GHG emissions (i.e. CO2, N2O, CH.) to get a whole picture of the role of riparian soils in climate change.

5.2 Spatio-temporal variations of GHG emissions

Fluxes of GHG from riparian soils display a high degree of spatial variability due to heterogeneity in soil properties (Groffman
et al., 1998; van den Heuvel et al., 2009; Hill et al., 2000). In our riparian plot, soil moisture gradually decreased from the
near-stream zone to the hillslope edge as a result of changes in groundwater level and soil texture. Moreover, we found larger
amounts of C and N available in those soils located far from the stream channel than in the near-stream zone, maybe due to

the effect of flood events that occur in these zones changing near-stream soil chemical properties (Jolley et al., 2010). Based



285

290

295

300

305

310

Biogeosciences Discuss., doi:10.5194/bg-2017-12, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 10 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

on soil properties, we expected that the hillslope zone would exhibit the greatest CO, emissions due to higher SOM availability.
Accordingly, we found higher CO, effluxes at the intermediate and hillslope zones than at the near-stream zone. Yet, our
results suggest that such gradient did not rely on substrate supply because neither SOM, C, nor N availability were selected in
the PLS model. Conversely, CO2 emissions in our riparian plot were negatively correlated with soil wetness, suggesting that
as soils become less moist and more aerated, oxidizing aerobic respiration increases, ultimately stimulating CO, production
(Muller et al., 2015). Moreover, the deep groundwater table in the hillslope zone can increase the volume of aerated soil, which
can increase the area-specific soil CO, emissions near the hillslope edge (Chang et al., 2014). In agreement, increasing CO;
emissions from wet to dry zones has been reported in other wetlands and riparian forests (Batson et al., 2015; Morse et al.,
2012; Welti et al., 2012), pinpointing that variations in riparian hydrology can play a fundamental role in GHG emissions from

riparian soils.

As expected, NO fluxes showed a clear pattern across the riparian plot, with N,O emissions being higher in the near-stream
zone than in the other two zones. Such spatial pattern was different from those found in other riparian forests, where higher
N20 emissions occurred in the hillslope edge zone as a result of higher C and NO3™ availability (DeSimone et al., 2010; Dhondt
etal., 2004; Hedin et al., 1998). As occurred for CO, emissions, we suggest that the observed spatial pattern may be as a result
of changes in water availability across the riparian zone. In the near-stream zone, relatively moist conditions (SWC = 30 —
40%) can promote denitrification rates (Pinay et al., 2007), but also induce greater N,O production by preventing the reduction
N2O to N2 (Giles et al., 2012). Conversely, dry soils (SWC = 10 — 25%) can limit denitrification in the intermediate and
hillslope zones (Linn and Doran, 1984; Pinay et al., 2007), thus decreasing the overall N,O emissions in these areas. This
former idea is further supported by DEA results, which showed that, after adding water, denitrification rates were similar to
those observed in the field for the near-stream zone, but increase by 3-4 fold in the other two zones. Furthermore, our DEA
results pinpoint that the riparian-hillslope edge can be a potential hot spot of N removal within Mediterranean riparian zones,

because high denitrification rates were observed when favorable conditions (i.e. high water, C, and N availability) occurred.

Soil CO; and N»O emissions also varied temporally. Similarly to other dry riparian zones, CO emissions were the highest in
late-spring and the lowest in winter (Harms and Grimm, 2012; Morse et al., 2012). As previously reported, such intra-annual
variations were strongly dependent on seasonal changes in soil temperature because it was the most influential environmental
variable in the PLS model (Chang et al., 2014; Morse et al., 2012; Wickland et al., 2010). Therefore, cold temperatures (<
4°C) probably limited soil respiration in riparian forests during winter; while warm conditions (> 15°C) stimulated soil CO;
emissions in June and August (Emmett et al., 2004; Suseela et al., 2012; Teiter and Mander, 2005). However, lower CO;
emissions than expected for temperature dynamics were reported in summer at the intermediate and hillslope zones, likely
because extreme dryness (SWC < 20%) limited respiration rates during such period (Chang et al., 2014; Goulden et al., 2004;
Wickland et al., 2010). Although the mechanisms by which soil dryness may affect C demand are still poorly understood,

suppressed microbial respiration in summer can be attributed to a disconnection between microbes and resources (Belnap et
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al., 2005; Davidson et al., 2006), decreases in photosynthetic and exo-enzimatic activities (Stark and Firestone, 1995; Williams
et al., 2000), or a relocation of the invested energy on growth (Allison et al., 2010). Altogether, these results suggest that soil
moisture may be as important as soil temperature in order to understand soil CO, effluxes, and therefore, future warmer

conditions may not fuel higher CO, emissions, at least in those regions experiencing severe water limitation.

In addition, a strong seasonality in N2O emission was observed in all riparian zones. High rates of N,O effluxes occurred in
spring, which could be likely driven by increments in soil moisture after rainfall (or flood) events (DeSimone et al., 2010;
Jacinthe et al., 2009; Scholes et al., 1997). Pulses of N-O emissions short-after rewetting events can reflect the microbial use
of NOs that has been accumulated during dry antecedent periods. In our riparian site, soil NO3 concentrations were high during
winter, when cold temperatures and low SWC probably limited both denitrification rates and gas effluxes (Chang et al., 2014;
Hefting et al., 2004; Pinay et al., 2007). Moreover, our results further suggest that soil microbial activity was stimulated during
spring rewetting events because both nitrification and denitrification rates were maxima in April, when large precipitation
events (400 mm) raised the groundwater level and increased SWC at the whole riparian plot. However, the studied riparian
soils remained unsaturated during most of spring, and thus, both the production and diffusion of N2O remained high (Scholes
etal., 1997). This idea agrees with our PLS model, which suggests that denitrification, soil moisture, and NO3™ concentrations

are the key variables explaining N2O variability in our riparian soil.

Nevertheless, our results also pinpoint that the temporal and spatial patterns of N,O emissions are difficult to predict. For
instance, we expected large N,O emissions following rains in November because, similarly to spring, environmental conditions
(i.e. high SWC, mid soil temperatures, and increments in soil NO3z™ concentrations during the antecedent dry summer) should
enhance microbial activity. However, both nitrification and denitrification rates were low in November, which ultimately
decrease N.O compared to April. Possibly, low denitrification rates in fall may be attributed to an increase in N demand
following large C inputs from litterfall (Guckland et al., 2010; Lupon et al., 2016). Moreover, leaf litter from R. pseudoacacia,
the main tree species in our study site, holds a high lignin content (Castro-Diez et al., 2009; Yavitt et al., 1997), which might
enrich the riparian soil with phenolic compounds and ultimately limit denitrification rates (Bardon et al., 2014). These results
suggest that the response of the microbial community to changes in water availability may depend on the interplay of additional
ecosystem factors not included in this study. Therefore, we propose that simultaneous measurements of environmental factors,
soil microbial activity, and microbial structure should be performed in order to get a complete comprehension of GHG

emissions in Mediterranean riparian zones.

6 Conclusions

Mediterranean riparian zones are dynamic systems that undergo spatial and temporal shifts in biogeochemical processes due
to changes in both soil water and substrate availability. From these observations, some authors have proposed that the

contribution of Mediterranean riparian zones on catchment budgets and exports may differ greatly from those observed in
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temperate systems (Lupon et al., 2016), yet their contribution to atmospheric pollution is still under debate. In a first attempt
to simultaneously quantify CO, and N>O emissions from Mediterranean riparian soils, we showed that they can emit large
amounts of GHG to the atmosphere in form of CO>, but not as N,O. In addition, our results clearly illustrate a strong linkage
between riparian hydrology and the microbial processes that produce GHG. Deep groundwater tables fueled large respiration
rates and soil CO; effluxes in the relatively dry soils near the hillslope, while both denitrification and N»O effluxes were higher
in the wet zones located near the stream channel. As occurred at spatial scale, temporal patterns of CO, and N,O emissions
were decoupled during most of the year. However, effluxes of both GHG peaked after rainfall events in spring, when optimal
conditions of soil moisture, temperature, and N availability favor microbial respiration, nitrification, and denitrification.

Overall, our study highlights the potential of Mediterranean riparian soils to be hotspots of GHG emissions within catchments.

Author contributions
Silvia Poblador, Santiago Sabaté, and Francesc Sabater designed the experiment. Silvia Poblador and Anna Lupon carried
them out. Silvia Poblador performed all laboratory analysis. Anna Lupon and Silvia Poblador analyzed the data set and

prepared the manuscript, with contributions from Santiago Sabaté and Francesc Sabater.

Aknowledgments

We are thankful to Ada Pastor and Lidia Cafias for their invaluable assistance in the field. Special thanks are extended to Ndria
Catalan for helpful comments on an earlier version of the manuscript. Financial support was provided by the Spanish
Government through the projects MONTES-Consolider (CSD2008-00040-MONTES), MEDFORESTREAM (CGL2011-
30590), and MEDSOUL (CGL2014-59977-C3-2). Silvia Poblador was supported by a FPI PhD fellowship from the Spanish
Ministry of Economy and Competitiveness (BES-2012-054572). Anna Lupon was supported by a Kempe Foundation post-
doctoral grant (Sweden) and the MEDSOUL project. We also thank site cooperators, including Vichy Catalan and the Catalan
Water Agency (ACA) for permission to sample at the Font del Regas catchment. Silvia Poblador, Anna Lupon, Santiago
Sabaté, and Francesc Sabater are members of the research group FORESTREAM (AGAUR, Catalonia 2014SGR949).

12



370

375

380

385

390

395

Biogeosciences Discuss., doi:10.5194/bg-2017-12, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 10 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

References

Allison, S. D., Wallenstein, M. D. and Bradford, M. A.: Soil-carbon response to warming dependent on microbial physiology,
Nat. Geosci., 3(5), 336-340, doi:10.1038/nge0846, 2010.

Asensio, D., Pefiuelas, J., Ogaya, R. and Llusia, J.: Seasonal soil and leaf CO, exchange rates in a Mediterranean holm oak
forest and their responses to drought conditions, Atmos. Environ., 41, 24472455, doi:10.1016/j.atmosenv.2006.05.008, 2007.

Audet, J., Hoffmann, C. C., Andersen, P. M., Baattrup-Pedersen, A., Johansen, J. R., Larsen, S. E., Kjaergaard, C. and Elsgaard,
L.: Nitrous oxide fluxes in undisturbed riparian wetlands located in agricultural catchments: Emission, uptake and controlling
factors, Soil Biol. Biochem., 68, 291299, doi:10.1016/j.s0ilbio.2013.10.011, 2014.

Avila, A. and Roda, F.: Changes in atmospheric deposition and streamwater chemistry over 25years in undisturbed catchments
in a Mediterranean mountain environment, Sci. Total Environ., 434, 18-27, doi:10.1016/j.scitotenv.2011.11.062, 2012.

Baethgen, W. E. and Alley, M. M.: A manual colorimetric procedure for measuring ammonium nitrogen in soil and plant
Kjeldahl digests, Commun. Soil Sci. Plant Anal., 20(9-10), 961-969, doi:10.1080/00103628909368129, 1989.

Baggs, E. M.: A review of stable isotope techniques for N,O source partitioning in soils: recent progress, remaining challenges
and future considerations, Rapid Commun. Mass Spectrom., 22, 1664-1672, doi:10.1002/rcm, 2008.

Barba, J., Curiel Yuste, J., Poyatos, R., Janssens, I. A. and Lloret, F.: Strong resilience of soil respiration components to
drought-induced die-off resulting in forest secondary succession, Oecologia, 182(1), 27—41, doi:10.1007/s00442-016-3567-8,
2016.

Bardon, C., Piola, F., Bellvert, F., Haichar, F. el Z., Comte, G., Meiffren, G., Pommier, T., Puijalon, S., Tsafack, N. and Poly,
F.: Evidence for biological denitrification inhibition (BDI) by plant secondary metabolites, New Phytol., 204(3), 620-630,
do0i:10.1111/nph.12944, 2014.

Batson, J., Noe, G. B., Hupp, C. R., Krauss, K. W., Rybicki, N. B. and Schenk, E. R.: Soil greenhouse gas emissions and
carbon budgeting in a short-hydroperiod floodplain wetland, J. Geophys. Res. G Biogeosciences, 120(1), 77-95,
d0i:10.1002/2014JG002817, 2015.

Belnap, J., Welter, J. R., Grimm, N. B., Barger, N. and Ludwig, J. a: Linkages between Microbial and Hydrologic Processes
in Arid and Semiarid Watersheds LINKAGES BETWEEN MICROBIAL AND HYDROLOGIC PROCESSES IN ARID AND
SEMIARID WATERSHEDS, Ecol. Soc. Am., 86(2), 298-307, 2005.

Bernal, S., Butturini, A., Nin, E., Sabater, F. and Sabater, S.: Leaf litter dynamics and nitrous oxide emission in a Mediterranean
riparian forest: implications for soil nitrogen dynamics., J. Environ. Qual., 32(1), 191-197 [online] Available from:
http://www.ncbi.nlm.nih.gov/pubmed/12549558, 2003.

Bernal, S., Sabater, F., Butturini, A., Nin, E. and Sabater, S.: Factors limiting denitrification in a Mediterranean riparian forest,

13



400

405

410

415

420

425

Biogeosciences Discuss., doi:10.5194/bg-2017-12, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 10 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

Soil Biol. Biochem., 39(10), 2685-2688, doi:10.1016/j.s0ilbio.2007.04.027, 2007.

Bond-Lamberty, B. and Thomson, A.: Temperature-associated increases in the global soil respiration record., Nature,
464(7288), 579-582, doi:10.1038/nature08930, 2010.

Bruland, G. L., Richardson, C. J. and Whalen, S. C.: Spatial variability of denitrification potential and related soil properties
in created, restored, and paired natural wetlands, Wetlands, 26(4), 1042-1056, do0i:10.1672/0277-
5212(2006)26[1042:SVODPA]2.0.CO;2, 2006.

Burgin, A. J. and Groffman, P. M.: Soil O controls denitrification rates and N20O yield in a riparian wetland, J. Geophys. Res.
Biogeosciences, 117(1), 1-10, doi:10.1029/2011JG001799, 2012.

Casals, P., Lopez-Sangil, L., Carrara, A., Gimeno, C. and Nogués, S.: Autotrophic and heterotrophic contributions to short-
term soil CO2 efflux following simulated summer precipitation pulses in a Mediterranean dehesa, Global Biogeochem. Cycles,
25(3), 1-12, doi:10.1029/2010GB003973, 2011.

Castro-Diez, P., Gonzéalez-Mufoz, N., Alonso, A., Gallardo, A. and Poorter, L.: Effects of exotic invasive trees on nitrogen
cycling: A case study in Central Spain, Biol. Invasions, 11(8), 1973-1986, doi:10.1007/s10530-008-9374-3, 2009.

Chang, C. T., Sabaté, S., Sperlich, D., Poblador, S., Sabater, F. and Gracia, C.: Does soil moisture overrule temperature
dependence of soil respiration in Mediterranean riparian forests?, Biogeosciences, 11(21), 6173-6185, doi:10.5194/bg-11-
6173-2014, 2014.

Clément, J.-C., Pinay, G. and Marmonier, P.: Seasonal dynamics of denitrification along topohydrosequences in three different
riparian wetlands, J. Environ. Qual., 31(3), 1025-1037, do0i:10.2134/jeq2002.1025, 2002.

Cole, C.V; Cerri, C.; Minami, K.; Mosier, A.; Rosenberg, N.; Sauerbeck, D.; Dumanski, J.; Duxbury, J.; Freney, J.; Gupta,
R.; Heinemeyer, O.; Kolchugina, T.; Lee, J.; Paustian, K.; Powlson, D.; Sampson, N.; Tiessen, H.; van Noordwijk, M.; and
Zhao, Q.: Agricultural options for mitigation of greenhouse gas emissions., in Climate Change 1995 - Impacts, adaptations
and mitigation of climate change: Scientific-technical analysis. IPCC Working Group Il, Cambridge University Press, pp.
745-771., 1996.

Davidson, E. A., Janssens, I. A. and Lou, Y.: On the variability of respiration in terrestrial ecosystems: Moving beyond Q10,
Glob. Chang. Biol., 12(2), 154-164, doi:10.1111/j.1365-2486.2005.01065.x, 2006.

DeSimone, J., Macrae, M. L. and Bourbonniere, R. a.: Spatial variability in surface N,O fluxes across a riparian zone and
relationships with soil environmental conditions and nutrient supply, Agric. Ecosyst. Environ., 138(1-2), 1-9,
doi:10.1016/j.agee.2010.03.007, 2010.

Dhondt, K., Boeckx, P., Hofman, G. and Cleemput, O.: Temporal and spatial patterns of denitrification enzyme activity and
nitrous oxide fluxes in three adjacent vegetated riparian buffer zones, Biol. Fertil. Soils, 40(4), 243-251, doi:10.1007/s00374-

14



430

435

440

445

450

455

Biogeosciences Discuss., doi:10.5194/bg-2017-12, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 10 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

004-0773-z, 2004.

Emmett, B. A., Beier, C., Estiarte, M., Tietema, A., Kristensen, H. L., Williams, D., Pefiuelas, J., Schmidt, I. and Sowerby, A.:
The response of soil processes to climate change: Results from manipulation studies of shrublands across an environmental
gradient, Ecosystems, 7(6), 625-637, doi:10.1007/s10021-004-0220-x, 2004.

Eno, C. F.: Nitrate production in the field by incubating the soil in polyethylene bags, Soil Sci. Soc. Am. J., 24, 227-279, 1960.

Eriksson, L.; Byrne, T.; Johansson, E.; Trygg, J.; Vikstrom, C.: Multi- and Megavariate Data Analysis. Basic principles and
applications., 2006.

Forester, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre,
G., Nganga, J., Prinn, R., Raga, G., Schulz, M. and Van Dorland, R.: Changes in Atmospheric Constituents and in Radiative
Forcing, edited by S. Salomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, M. Tignor, and H. L. Miller,
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA., 2007.

Giles, M., Morley, N., Baggs, E. M. and Daniell, T. J.: Soil nitrate reducing processes - Drivers, mechanisms for spatial
variation, and significance for nitrous oxide production, Front. Microbiol., 3(DEC), 1-16, doi:10.3389/fmich.2012.00407,
2012.

GOmez-Gener, L., Obrador, B., von Schiller, D., Marcé, R., Casas-Ruiz, J. P., Proia, L., Acufia, V., Catalan, N., Mufioz, I. and
Koschorreck, M.: Hot spots for carbon emissions from Mediterranean fluvial networks during summer drought,
Biogeochemistry, 125(3), 409-426, doi:10.1007/s10533-015-0139-7, 2015.

Goulden, M. L., Miller, S. D., Da Rocha, H. R., Menton, M. C., De Freitas, H. C., De Silva Figueira, A. M. and Dias de Sousa,
C. A.: Diel and Seasonal Patterns of Tropical Forest CO, Exchange, Ecol. Appl., 14(4), 42-54, doi:10.1890/02-6008, 2004.

Groffman, Peter M.; Gold, Arthur J.; Jacinthe, P.-A.: Nitrous oxide production in riparian zones and groundwater, Nutr. Cycl.
Agroecosystems, 52, 179-186, 1998.

Groffman, P. M., Gold, A. J. and Simmons, R. C.: Nitrate dynamics in riparian forests: Microbial studies, J. Environ. Qual.,
21(4), 666-671, doi:10.2134/jeq1992.00472425002100040022x, 1992.

Groffman, P. M., Gold, A. J. and Jacinthe, P.-A. a: Nitrous oxide production in riparian zones and groundwater, Chemosph. -
Glob. Chang. Sci., 2, 291-299, doi:10.1023/A:1009719923861, 2000.

Guckland, A., Corre, M. D. and Flessa, H.: Variability of soil N cycling and N,O emission in a mixed deciduous forest with
different abundance of beech, Plant Soil, 336(1-2), 25-38, doi:10.1007/s11104-010-0437-8, 2010.

Guidolotti, G., Rey, A., D’ Andrea, E., Matteuci, G. and De Angelis, P.: Effect of environmental variables and stand structure
on ecosystem respiration components in a Mediterranean beech forest, Tree Physiol., 0, 1-13, doi:10.1093/treephys/tpt065,
2013.

15



460

465

470

475

480

485

Biogeosciences Discuss., doi:10.5194/bg-2017-12, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 10 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

Harms, T. K. and Grimm, N. B.: Hot spots and hot moments of carbon and nitrogen dynamics in a semiarid riparian zone, J.
Geophys. Res., 113(G1), 1-14, doi:10.1029/2007JG000588, 2008.

Harms, T. K. and Grimm, N. B.: Responses of trace gases to hydrologic pulses in desert floodplains, J. Geophys. Res.
Biogeosciences, 117(1), 1-14, doi:10.1029/2011JG001775, 2012.

Harms, T. K., Wentz, E. A. and Grimm, N. B.: Spatial heterogeneity of denitrification in semi-arid floodplains, Ecosystems,
12(1), 129-143, doi:10.1007/s10021-008-9212-6, 20009.

Hedin, L. O., Fischer, J. C. Von, Ostrom, N. E., Kennedy, B. P., Brown, M. G., Robertson, G. P., Ecology, S. and Mar, N.:
Thermodynamic Constraints on Nitrogen Transformations and Other Biogeochemical Processes at Soil-Stream Interfaces, ,
79(2), 684-703, 1998.

Hefting, M. M., Bobbink, R. and de Caluwe, H.: Nitrous oxide emission and denitrification in chronically nitrate-loaded
riparian buffer Zones., J. Environ. Qual., 32(4), 1194-203 [online] Available from:
http://www.ncbi.nlm.nih.gov/pubmed/12931872, 2003.

Hefting, M. M., Clément, J.-C., Dowrick, D., Cosandey, A. C., Bernal, S., Cimpian, C., Tatur, A., Burt, T. P. and Pinay, G.:
Water table elevations controls on soil nitrogen cycling in riparian wetlands along a European climatic gradient,
Biogeochemistry, 67, 113-134, doi:10.1023/B:BI10G.0000015320.69868.33, 2004.

van den Heuvel, R. N., Hefting, M. M., Tan, N. C. G., Jetten, M. S. M. and Verhoeven, J. T. a: NoO emission hotspots at
different spatial scales and governing factors for small scale hotspots., Sci. Total Environ., 407(7), 2325-2332,
doi:10.1016/j.scitotenv.2008.11.010, 2009.

Hill, A. R. Nitrate Removal in Stream Riparian Zones, J. Environ. Qual., 25(4), 743-755,
doi:10.2134/jeq1996.00472425002500040014x, 1996.

Hill, A. R., Devito, K. J., Campagnolo, S. and Sanmugadas, K.: Subsurface denitrification in a forest riparian zone : Interactions

between hydrology and supplies of nitrate and organic carbon, Biogeochemistry, 51(Hill 1996), 193-223, 2000.

Inclan, R., Uribe, C., Sanchez, L., Sanchez, D. M., Clavero, A., Fernandez, A. M., Morante, R. and Blanco, A.: N2O and CH4
fluxes in undisturbed and burned holm oak, scots pine and pyrenean oak forests in central Spain, , (September),
doi:10.1007/s10533-010-9520-8, 2014.

Jacinthe, P. g, Bills, J. S., Tedesco, L. P. and Barr, R. C.: Nitrous oxide emission from riparian buffers in relation to vegetation
and flood frequency., J. Environ. Qual., 41(1), 95-105, doi:10.2134/jeq2011.0308, 2009.

Jacinthe, P. a., Vidon, P., Fisher, K., Liu, X. and Baker, M. E.: Soil Methane and Carbon Dioxide Fluxes from Cropland and
Riparian Buffers in Different Hydrogeomorphic Settings, J. Environ. Qual., 44(0), 10801090, doi:10.2134/jeq2015.01.0014,
2015.

16



490

495

500

505

510

515

Biogeosciences Discuss., doi:10.5194/bg-2017-12, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 10 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

Jolley, R. L., Lockaby, B. G. and Governo, R. M.: Biogeochemical Influences Associated with Sedimentation in Riparian
Forests of the Southeastern Coastal Plain, Soil Sci. Soc. Am. J., 74(1), 326-336, d0i:10.2136/sss5aj2009.0041, 2010.

Keeney, D. R.; Nelson, D. W.: Nitrogen-inorganic forms., in Agronomy Monography 9, ASA and SSSA., pp. 643-698,
Madison., 1982.

Kesik, M., Ambus, P., Baritz, R., Briiggemann, N., Butterbach-Bahl, K., Damm, M., Guyzer, J., Horvath, L., Kiese, R., Kitzler,
B., Leip, A, LI, C., Pihlatie, M. and Pilegaard, K.: Inventories of N,O and NO emissions from European forest soils, , 353—
375, 2005.

Linn, D. M. and Doran, J. W.: Effect of Water-Filled Pore Space on Carbon Dioxide and Nitrous Oxide Production in Tilled
and Nontilled Soils, Soil Sci. Soc. Am. J., 48(1961), 1267-1272, d0i:10.2136/sssaj1984.03615995004800060013x, 1984.

Lupon, Anna; Sabater, Francesc; Mifiarro, Antonio.; Bernal, S.: Contribution of pulses of soil nitrogen mineralization and
nitrification to soil nitrogen availability in three Mediterranean forests, Environ. J. Soil Sci.,, 303-313,
doi:10.1016/j.aqpro.2013.07.003, 2016.

Lupon, A., Gerber, S., Sabater, F. and Bernal, S.: Climate response of the soil nitrogen cycle in three forest types of a headwater
Mediterranean catchment, J. Geophys. Res. Biogeosciences, 120(March 2016), 859-875,
doi:10.1002/2014JG002791.Received, 2015.

Mander, U.", Léhmus, K., Teiter, S., Mauring, T., Nurk, K. and Augustin, J.: Gaseous fluxes in the nitrogen and carbon budgets
of subsurface flow constructed wetlands, Sci. Total Environ., 404(2-3), 343-353, doi:10.1016/j.scitotenv.2008.03.014, 2008.

McGlynn, B. L. and Seibert, J.: Distributed assessment of contributing area and riparian buffering along stream networks,
Water Resour. Res., 39(4), 1-7, doi:10.1029/2002WR001521, 2003.

McLain, J. E. T. and Martens, D. A.: N2O production by heterotrophic N transformations in a semiarid soil, Appl. Soil Ecol.,
32(2), 253-263, doi:10.1016/j.apsoil.2005.06.005, 2006.

Mitsch, William J.; Gosselink, J. G.: Wetlands, 4th editio., edited by I. J. Wiley & Sons., 2007.

Morse, Jennifer L.; Ardon, Marcelo; Benhartdt, E. S.: Greenhouse gas fluxes in southeastern U.S. coastal plain wetlands under
contrasting land uses, Ecol. Appl., 22(1), 264-280, doi:10.1890/11-0527.1, 2012.

Muller, D., Warneke, T., Rixen, T., Muller, M., Jamahari, S., Denis, N., Mujahid, A. and Notholt, J.: Lateral carbon fluxes and
CO2 outgassing from a tropical peat-draining river, Biogeosciences, 12, 5967-5979, doi:10.5194/bg-12-5967-2015, 2015.

Oertel, C., Matschullat, J., Zurba, K., Zimmermann, F. and Erasmi, S.: Greenhouse gas emissions from soils - A review,
Chemie der Erde - Geochemistry, 76, 327-352, doi:10.1016/j.chemer.2016.04.002, 2016.

Pacific, V. J., McGlynn, B. L., Riveros-Iregui, D. A., Welsch, D. L. and Epstein, H. E.: Variability in soil respiration across

17



520

525

530

535

540

545

Biogeosciences Discuss., doi:10.5194/bg-2017-12, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 10 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

riparian-hillslope transitions, Biogeochemistry, 91(1), 51-70, doi:10.1007/s10533-008-9258-8, 2008.

Pinay, G., Gumiero, B., Tabacchi, E., Gimenez, O., Tabacchi-Planty, a. M., Hefting, M. M., Burt, T. P., Black, V. a., Nilsson,
C., lordache, V., Bureau, F., Vought, L., Petts, G. E. and Décamps, H.: Patterns of denitrification rates in European alluvial
soils under various hydrological regimes, Freshw. Biol., 52(2), 252—-266, d0i:10.1111/j.1365-2427.2006.01680.x, 2007.

R. C. T.: Team RDC.R: A Language And Environment For Statistical Computing., 2012.

von Schiller, D., Marcé, R., Obrador, B., Gémez-Gener, L., Casas-Ruiz, J. P., Acufia, V. and Koschorreck, M.: Carbon dioxide
emissions from dry watercourses, Inl. Waters, 4(4), 377-382, doi:10.5268/1W-4.4.746, 2014.

Schmidt, M. W. I., Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I. a., Kleber, M., Kégel-Knabner, 1.,
Lehmann, J., Manning, D. a. C., Nannipieri, P., Rasse, D. P., Weiner, S. and Trumbore, S. E.: Persistence of soil organic matter
as an ecosystem property, Nature, 478(7367), 49-56, doi:10.1038/nature10386, 2011.

Scholes, M. C., Martin, R., Scholes, R. J., Parsons, D. and Winstead, E.: NO and N,O emissions from savanna soils following
the first simulated rains of the season, Nutr. Cycl. Agroecosystems, 48(1-2), 115-122, doi:10.1023/A:1009781420199, 1997.

Segers, R.: Methane production and methane consumption: a review of processes underlying wetland methane fluxes,

Biogeochemistry, 41, 23-51, 1998.

Smith, M. S. and Tiedje, J. M.: Phases of desnitrification following oxygen depletion in soil, Soil Biol. Biochem., 11(3), 261
267, doi:10.1016/0038-0717(79)90071-3, 1979.

Stark, J. M. and Firestone, M. K.: Mechanisms for soil moisture effects on activity of nitrifying bacteria, Appl. Environ.
Microbiol., 61(1), 218-221 [online] Available from: papers2://publication/uuid/0BBA43AD-EACB-4300-A741-
A11EA89C2422, 1995.

Stern, N.: The Economics of Climate Change, Popul. Dev. Rev., 32(1), doi:10.1257/aer.98.2.1, 2006.

Suseela, V., Conant, R. T., Wallenstein, M. D. and Dukes, J. S.: Effects of soil moisture on the temperature sensitivity of
heterotrophic respiration vary seasonally in an old-field climate change experiment, Glob. Chang. Biol., 18(1), 336-348,
doi:10.1111/j.1365-2486.2011.02516.x, 2012.

Teiter, S. and Mander, U.: Emission of N-O, N,, CH4, and CO; from constructed wetlands for wastewater treatment and from
riparian buffer zones, Ecol. Eng., 25(5), 528-541, doi:10.1016/j.ecoleng.2005.07.011, 2005.

Vidon, P., Allan, C., Burns, D., Duval, T. P., Gurwick, N., Inamdar, S., Lowrance, R., Okay, J., Scott, D. and Sebestyen, S.:
Hot spots and hot moments in riparian zones: Potential for improved water quality management, J. Am. Water Resour. Assoc.,
46(2), 278-298, doi:10.1111/j.1752-1688.2010.00420.x, 2010.

Vidon, P., Marchese, S., Welsh, M. and McMillan, S.: Impact of Precipitation Intensity and Riparian Geomorphic

18



550

555

560

565

Biogeosciences Discuss., doi:10.5194/bg-2017-12, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 10 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

Characteristics on Greenhouse Gas Emissions at the Soil-Atmosphere Interface in a Water-Limited Riparian Zone, Water. Air.
Soil Pollut., 227(8), d0i:10.1007/s11270-015-2717-7, 2016.

Walker, J. T., Geron, C. D., Vose, J. M. and Swank, W. T.: Nitrogen trace gas emissions from a riparian ecosystem in southern
Appalachia, Chemosphere, 49(10), 1389-1398, doi:10.1016/S0045-6535(02)00320-X, 2002.

Welti, N., Bondar-Kunze, E., Singer, G., Tritthart, M., Zechmeister-Boltenstern, S., Hein, T. and Pinay, G.: Large-scale
controls on potential respiration and denitrification in riverine floodplains, Ecol. Eng., 42, 73-84,
doi:10.1016/j.ecoleng.2012.02.005, 2012.

Werner, C., Reiser, K., Dannenmann, M., Hutley, L. B., Jacobeit, J. and Butterbach-Bahl, K.: N2O, NO, Nzand CO, emissions
from tropical savanna and grassland of northern Australia: An incubation experiment with intact soil cores, Biogeosciences,
11, 6047-6065, doi:10.5194/bg-11-6047-2014, 2014.

Wickland, K.P. ; Neff, J.C.; Harden, J. W.: The role of soil drainage class in carbon dioxide exchange and decomposition in
boreal black spruce (Picea mariana) forest stands, Can. J. For. Res., 40(11), 2123-2134, 2010.

Williams, C. J., Shingara, E. A. and Yavitt, J. B.: Phenol oxidase activity in peatlands in New York State: Response to summer
drought and peat type, Wetlands, 20(2), 416-421, doi:10.1672/0277-5212(2000)020[0416:POAIPI]2.0.CO;2, 2000.

Yavitt, J. B., Williams, C. J. and Wieder, R. K.: Production of methane and carbon dioxide in peatland ecosystems across
North America: Effects of temperature, aeration, and organic chemistry of peat, Geomicrobiol. J., 14(4), 299-316, 1997.

Yu, K. and Rinklebe, J.: Soil Redox Potential and pH Controllers, Methods Biochem. Wetl., (10), 107-116,
doi:10.2136/sssabookser10.c7, 2013.

19



570

Biogeosciences Discuss., doi:10.5194/bg-2017-12, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 10 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

Tables

Table 1. Mean annual values (z standard deviation) of soil water content (SWC), soil temperature (Tsoil), soil pH,
soil redox capacity (Eh), soil organic matter (SOM), soil molar C:N ratio, soil carbon (C) and nitrogen (N) content,
and soil ammonium (NH4*) and nitrate (NOs") concentrations for the three riparian zones. For each variable,

different letters indicate statistical significant differences between riparian zones (post-hoc Tukey HSD test, p <

0.05).

Near-stream Intermediate Hillslope
SWC (%) 2958 +755A 19.36+6.008 19.81+6.24°8
Tsoil (°C) 11375394 11.82+590~ 12.01+6.344
Eh 170 + 1114 184 + 103 B 184 +95°¢
pH 6.66+042” 631+050” 6.68+0.534
SOM (%) 4414071~ 7.98+2888  953+1.99°¢
C:N ratio 1425+3.64” 14.09+178~ 13.63+1.18%4
C (mg kg 2004 + 1038~ 4007 £1785B8 4923 + 14288
N (mg kg?) 160 + 44 A 330+ 1358 418 +107 €
NHs*(mg N kg') 1.88+1.214 5.58 +3.48 B 3.90+2.07°8
NOs(mgNkg?) 075+058~ 4.66+4258 530+4208

20



Biogeosciences Discuss., doi:10.5194/bg-2017-12, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 10 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

575  Table 2. Results from the mixed-model analysis of variance (ANOVA) showing the effects of riparian zones and
seasons on soil water content (SWC), soil temperature (Tsoil), soil pH, soil redox capacity (Eh), soil organic matter
(SOM), soil molar C:N ratio, soil carbon (C) and nitrogen (N) content, and soil ammonium (NH4*) and nitrate
(NO3) concentrations. Plot was treated as a random effect in the model whereas riparian zones, seasons and their

interactions were considered fixed effects. Values are F-values and the p-values are shown in brackets. P-values <

580

0.05 are shown in bold.

Riparian Zone

Seasons

Zone x Seasons

swcC 18.6 [< 0.001] 100 [< 0.001] 13.6 [< 0.001]
Tsoil 0.33[0.721] 2117 [< 0.001] 0.42 [0.906]
pH 1.97 [0.182] 2.43[0.060] 2.73[0.052]
Eh 1.34[0.247] 3.53 [0.062] 1.88 [0.084]
SOM 27.8 [< 0.001] 2.77[0.053] 1.62 [0.144]
C:N ratio  0.99 [0.400] 10.9 [< 0.001] 1.72 [1.118]
C 27.1[< 0.001] 1.86 [0.132] 0.77 [0.630]
N 39.7 [< 0.001] 1.22 [0.311] 0.63 [0.746]
NH.* 12.4[0.001] 2.71[0.051] 1.52 [0.176]
NOs 22.4[< 0.001] 5.63 [< 0.001] 4.09 [< 0.001]

Zone = near-stream, intermediate, hillslope.

Season = February, April, June, August and November.
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Table 3. Mean values (+ standard deviation) of potential denitrification rates (in mg N kg? d?) after anoxia
(DEAWMg), carbon addition (DEAC), nitrogen addition (DEAnos) and carbon and nitrogen addition (DEAc+nos)
treatments for the three riparian zones during the study period. For each zone, different letters indicate statistical

significant differences between treatments (post-hoc Tukey HSD test, n = 15, p < 0.01).

Potential DNT rates (mg N kg d?)

DEAMo DEAc DEAnNos DEA c+no3
Near-stream 0.31+0.41* 0.26 £0.27A  0.42+0.42* 0.63+0.85*
Intermediate  1.01+1.12A 1.88+1594 228+ 357 2.40+245"
Hillslope 1.34+1.33% 235+1.97%8 173+143"% 3.82+278"8
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Table 4. Summary of the partial least squares (PLS) models produced for CO; and N,O emissions at the riparian
site (n = 75). Values are the coefficients from PLS models which describe the relationship (direction and relative
strength) between explanatory variables and gas emissions. The variance inflation factor (VIF) of each explanatory
variable, indicative of collinearity, are shown in brackets. Bold values indicate the most influencing variables

(variable importance in the projection (VIP) >1.0).

X-variable Acronym CO; N.O
Soil Properties Water content (%) SWC -0.235[1.72] 0.205[1.32]
Groundwater level (cm b.s.s.) GWL -0.157 [1.24]
Temperature (C) Tsoil 0.599 [1.45] ---
pH pH - -
Redox potential (mV) Eh
Bulk density (g cm™) BD - —
Coarse texture (%) % Sand
Organic matter (%) SOM
Total Carbon C
Total Nitrogen N - -
Molar C:N ratio C:N ratio --- -
Ammonium NH,* 0.167[1.61] ---
Nitrate NOs 0.066 [1.80]  -0.060 [1.47]
Soil N processes Net N Mineralization NNM --- -
Net Nitrification NN - -
Denitrification DNT --- 0.449 [1.09]
R%Y 0.71 0.40
Q?Y 0.66 0.34
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Figures

595  Figure 1. Temporal pattern of (a) mean monthly precipitation and (b) biweekly groundwater level at the studied
riparian site during the year 2013. Circles are mean values of groundwater level at the near-stream (white),
intermediate (grey), and hillslope (black) zones. Precipitation data was obtained from a meteorological station
located at ca. 300 m from the studied riparian site. At each riparian zone, groundwater level was measured in 3

PVC piezometers (32-mm diameter, 1-3 m long) with a water level sensor (Eijkelkamp 11.03.30).
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Figure 2. Temporal pattern of (a) soil water content (SWC), (b) soil temperature (Tsoil), (c) soil C:N molar ratio
(C:N ratio), and (d) soil nitrate concentration (NO3’) at 10-cm depth. Data is shown for the near-stream (white),
intermediate (grey), and hillslope (black) zones during the study period. Circles are mean values and error bars are

605  standard deviations.
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Figure 3. Temporal pattern of (a) soil net N mineralization (NNM), (b) net nitrification (NN) and (c) denitrification
rates at the near-stream (white), intermediate (grey), and hillslope (black) zones during the study period. Bars are
610  mean values for each section and error bars are standard errors. For each season, different letters indicate significant

differences among sections (mixed-model ANOVA, p < 0.05).
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Figure 4. Temporal pattern of soil (a) CO and (b) N2O emissions at the near-stream (white), intermediate (grey),

615 and hillslope (black) zones during the study period. Bars are mean values for each section and error bars are
standard errors. For each season, different letters indicate significant differences among sections (mixed-model
ANOVA, p < 0.05).
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Figure 5. Loading plot of the (a) CO; and (b) N-O partial least squares models (PLS) for the 75 measurements.
The graph depicts the correlation structures between the X variables (circles) and gas emissions (vectors). Variables
situated along the same directional axis correlate with each other. Different color in X variables indicates their
influence on gas emissions based on the “variable importance in the projection (VIP)” scores for each model. In

each case, white has VIP scores < 0.8, grey has VIP scores < 1.0 and black has VIP scores > 1.0.
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