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Abstract. Riparian zones have long been considered as nitrate sinks in landscapes. Yet, riparian
zones are also known to be very productive ecosystems with a high rate of nitrogen cycling. A key
factor regulating processes in the N cycle in these zones is groundwater table fluctuation, which
controls aerobic/anaerobic conditions in the soil. Nitrification and denitrification, key processes
regulating plant productivity and nitrogen buffering capacities are strictly aerobic and anaerobic
processes, respectively. In this study we compared the effects of these factors on the nitrogen cycling
in riparian zones under different climatic conditions and N loading at the European scale. No
significant differences in nitrification and denitrification rates were found either between climatic
regions or between vegetation types. On the other hand, water table elevation turned out to be the
prime determinant of the N dynamics and its end product. Three consistent water table thresholds
were identified. In sites where the water table level is within —10 cm of the soil surface, ammoni-
fication is the main process and ammonium accumulates in the topsoils. Average water tables
between —10 and —30cm favour denitrification and therefore reduce the nitrogen availability in
soils. In drier sites, that is, water table level below —30cm, nitrate accumulates as a result of high
net nitrification. At these latter sites, denitrification only occurs in fine textured soils probably
triggered by rainfall events. Such a threshold could be used to provide a proxy to translate the
consequences of stream flow regime change to nitrogen cycling in riparian zones and consequently,
to potential changes in nitrogen mitigation.

Abbreviations: CH — Switzerland; F — France; NL — The Netherlands; NM — process not measured;
PL — Poland; R — Romania; S — Spain; SMP — sum of the rates of the main N cycling microbial
processes; UK — England
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Introduction

Riparian zones are important components of stream ecosystems since they are
intimately linked to the functioning of the stream itself (Hynes 1983; Naiman
and Décamps 1997). Due to their position between upland and aquatic sys-
tems, riparian zones contribute to the control of energy, nutrients and organic
matter fluxes both in longitudinal (Schlosser and Karr 1981; Pinay et al. 2000)
and lateral directions (Peterjohn and Correll 1984; Haycock et al. 1997). Ri-
parian zones are often nutrient-rich systems with a high productivity and rapid
nutrient cycling. (Mitsch and Ewel 1979; Brinson et al. 1981, 1984; Mitsch and
Rust 1984). The extent of riparian zones and their high productivity is also
largely controlled by the timing and duration of flooding and low flow events
(Salo et al. 1986; Gregory et al. 1991; Nilsson and Svedmark 2002). Odum et al.
(1979) hypothesized in their subsidy-stress model that plant productivity in
wetlands will be highest when periodic flooding of short duration occurs be-
cause of subsidies of nutrients and water; long-lasting floods will cause phy-
siological stress to the plants, while complete lack of flooding will limit
production due to the lack of nutrient inputs. However, in recent studies this
adaptation of the theory of intermediary perturbation has been questioned.
For instance, in a field study Megonigal et al. (1997) did not find any significant
difference in above-ground production between moderately wet and dry sites.
They hypothesized that periodically dry and flooded conditions require addi-
tional morphological and physiological trade-offs such that trees cannot tol-
erate both drought and flooding. Moreover, when considering multiple indices,
that is, below-ground biomass, litter fall and current annual increment of
woody biomass, Clawson et al. (2001) found that the wettest sites had the
greatest net primary productivity due to the woody biomass increment. This is
consistent with previous studies where they found that biomass allocation was
strongly influenced by flooding gradient with significantly higher above-ground
production compared to below-ground under flooded conditions (Day and
Megonigal 1993). However, apart from the study of Burke et al. (1999), which
related the lowest net primary production observed to the low nutrient avail-
ability in the wet transition zone, most of these studies have mainly focused on
the importance of oxygen stress for plants as the primarily driver of plant
productivity in such fluctuating environments. Biogeochemical processes,
especially those related to nitrogen and phosphorus, are sensitive to redox
conditions of the soil, and differences in nutrient availability as a result of these
moisture-driven redox conditions may also be a key factor for plant produc-
tion. In riparian zones subject to considerable N loading from the adjacent
upland fields, the redox conditions of the soil determine the nutrient removal
capacity of the riparian zones by controlling plant uptake and the dominant
biogeochemical processes (Cirmo and McDonnell, 1997).

Redox conditions in wetland soils are strongly influenced by water table
fluctuations. Spatial and temporal changes in the occurrence of oxic and anoxic
conditions have drastic effects on the rates of ammonification, nitrification and
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denitrification (Reddy et al. 1980; Patrick 1982; Reddy et al. 1989; Hill 1996;
Hedin et al. 1998; Clément et al. 2002). Ammonification of organic nitrogen
can be realized both under aerobic and anaerobic conditions but the ni-
trification process, which requires the presence of free oxygen, can only occur
in acrated soils or sediments. As a consequence, under permanently anaerobic
conditions the organic nitrogen mineralization process results in the accumu-
lation of ammonium. Other processes involved in nitrogen cycling, such as
nitrogen dissimilation or denitrification, are strictly anaerobic. Therefore, the
end products of nitrogen cycling available for plants in wetlands are controled
by soil moisture. Soil temperature also has a significant influence on the rate of
nitrogen cycling processes with relationships more or less according to the
Arrhenius equation (Maag and Vinther, 1996).

Soil moisture and temperature might both be affected by global climate
change (Shaver et al. 2000; Georgakakos and Smith 2001). Indeed, water table
level and its dynamics may be altered both from upslope by land use/land cover
change and from below by river discharge changes as a result of climate change
(Nilsson and Berggren 2000; Nijssen et al. 2001; Burt et al. 2002; Pinay et al.
2002). At the same time, temperature is expected to rise as a result of an
increase in the concentration of atmospheric carbon dioxide (IPCC 1996). For
instance in Europe, scenarios of change in the hydrological regime forecast an
overall increase of the inter-annual variability of runoff, together with an in-
crease of the average annual runoff in northern Europe and a decrease in the
south (Arnell 1999). Additionally, the timing and duration of high and low
flow events might shift, especially in the eastern part of the continent. More-
over, higher temperatures would enhance mineralization of organic matter
(Rustad et al. 2001) increasing the amount of nutrients in inorganic form
(Freeman et al. 1994). Combined with increased runoff from upland fields in
northern Europe, this may result in higher nutrient loading of riparian zones in
agricultural environments. Ultimately, these changes will affect the rates of
nitrogen cycling in riparian wetlands and their plant productivity.

In this context, our objective was to determine in a pan-European study
called NICOLAS (Nitrogen Control in Agricultural Landscapes), if there was a
threshold of water table level above which the redox conditions shift from
aerobic to anaerobic conditions in riparian zones and whether this threshold
was consistent in a wide range of climatic conditions and for different vege-
tation types. Indeed, the determination of such a threshold could be used to
provide a proxy to translate the consequences of stream flow regime change to
nitrogen cycling in riparian zones and, consequently, to potential changes in
nitrogen mitigation. The hypothesis to be tested was whether the water table
level in riparian zones is a good predictor of the relative importance of net
ammonification, in situ denitrification and net nitrification, irrespective of cli-
matic conditions or vegetation cover.

The study was conducted in 13 riparian sites with a vegetation cover of
either forest or meadow along a climatic gradient in west and central Europe.
The main processes involved in the nitrogen cycle, that is, ammonification,
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nitrification and in situ denitrification were measured seasonally and related to
the average water table level.

Site descriptions

The study sites were located in seven European countries fairly evenly dis-
tributed along a climatic gradient (Table 1), with widely different conditions
represented by Mediterranean (i.e., Spain), continental (i.e., Poland and
Romania), and Atlantic (i.e., France and United Kingdom) climates. The study
sites were chosen in order to obtain a wide spectrum of conditions to test
hypotheses regarding the importance of the groundwater table versus the soil
temperature on soil N cycling processes. Indeed, climatic parameters varied
among sites and exhibited major differences in temperature and precipitation
(Table 1). For instance, mean annual air temperature ranged from 6.8 °C in
Poland to 17 °C in Spain. Mean annual soil temperature ranged from 8.5°C in
the Netherlands to 14.4°C in France. Mean annual precipitation ranged from
580 mm in Poland to 1100 mm in Switzerland, and seasonal rainfall patterns
varied widely between countries (Table 1). The riparian zones were selected
along lower-order streams (1-4).

In each region, a wooded riparian site and a wet meadow riparian site was
selected except in Spain and Poland, where only forested riparian zones were
available at the sites. The vegetation of each site has been documented and was
characterized by typical wetland trees and herbaceous species in the wooded
and grassed riparian sites, respectively (Pinay and Burt 2001, Table 1).

Lateral N loading rates by subsurface flow (input fluxes) were highly variable
ranging from 0.52gNm “Zyear ' in the forested site in Romania to over
600 g Nm “year ' in the forested site in the Netherlands and England (Table
1, Sabater et al. 2003).

Methods
Water table elevation

At each site we followed the same experimental design to monitor groundwater
table movements and nutrient fluxes (Burt et al. 2002; Sabater et al. 2003).
Basically, three transects of four piezometers were installed across an elevation
gradient from near the river edge towards the non-flooded upland bordering
the agricultural field. Water table elevation was measured at least once a month
for at least 1 year. At several sites water table level was continuously recorded
with a data logger (Campbell CR10, Logan UT, USA). By convention, water
table level is expressed in centimetres below the soil surface. Positive values
refer to situations where the water table is above the soil surface while negative
values refer to situations where it is below the soil surface.
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Soil processes

At each of the 13 study sites, three replicate soil samples were taken four times
a year from three different locations corresponding to a transect from the
near-stream strip to the upland-riparian wetland interface. These transects
corresponded to a gradient of soil moisture conditions. Sample locations were
named after their position along the transect, that is, stream strip, intermediate
strip and field strip. Soil analysis focused on the upper 20 cm which corre-
sponds to the most active zone in a biological sense (Clément et al. 2002; Pinay
et al. 2002). In situ denitrification rates were measured using an intact core
incubation method with acetylene inhibition (Yoshinari and Knowles 1976;
Ryden 1987). Intact soil cores were inserted in gas-tight jars. At the start of the
incubation, jars were amended with acetone-free acetylene to bring soil
atmosphere concentration to 10kPa (10% V/V) acetylene and 90kPa air.
Samples were incubated at field temperature, and denitrification rates were
calculated as the rate of nitrous oxide (N,O) accumulation in the head space
between 1 and 4 h. Gas samples were analysed directly via gas chromatography
(GC Varian 3300) equipped with an electron capture detector (ECD **Ni) and
Porapak Q columns (2m long packed columns).

Net nitrogen mineralization was calculated from measured changes in the
mineral-N content of largely undisturbed soil isolated inside polyethylene bags
allowing air to pass through but preventing leaching (Eno 1960; Pastor et al.
1987; Binkley and Hart 1989). After 1 month of incubation in the field,
nitrogen content in the incubated bags was compared to the soil nitrogen
content at the beginning of the incubation. Net nitrification and net ammo-
nification were estimated from measured changes in NO3-N and NH4;-N
content, respectively.

Soil analysis

Before and after incubation, 20 g of fresh soil were extracted with 100 ml of
either 0.2M K,SO,4 or 0.4M KCI, for 1h. The extracts were filtered and
analysed for NH4;~N and NOs—N and dissolved N organic using an auto ana-
lyser (Technicon 1977). Nitrate was analysed by the Griess-Ilosvay colorimetric
method (Keeney and Nelson 1982) after reduction by percolation on a cop-
perized cadmium column. NH," was measured following the colorimetric
Indophenol Blue Method (Keeney and Nelson 1982). Dissolved N organic was
measured on the extract by oxidation to NO;~ with potassium persulphate at
120°C, and analysed by the above-mentioned procedure for nitrate. Soil
moisture content was determined gravimetrically after drying approximately
20 g of fresh soil at 105 °C for at least 48 h. The Pipette Sampling Method was
used to determine soil grain-sizes (Day 1965). Soil samples were pre-treated
with hydrogen peroxide and hydrochloric acid and dispersed in a sodium
hexametaphosphate solution.
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Data analysis

Statistical procedures were performed using SPSS 8.0 for Windows (SPSS,
Chicago, Illinois, USA). Variables were analysed using ANOVA and Tukey’s
Post Hoc tests. Data were tested for homogeneity of variance; denitrification rates
were log-transformed prior to statistical analysis to meet these requirements.

Water table levels were averaged over 4 weeks preceding the process mea-
surements to relate to the measured soil N cycling processes. Thresholds were
identified with trial and error using the adjusted regression coefficient and > of
the linear regressions between ammonification, denitrification and nitrification
versus the sum of soil N cycling process rates as decision criteria. The data set
for groundwater levels was separated into three groups of process rates with
maximum differences between the slopes and r* and values closest to one;
values closest to the 1:1 relationship between the process rates and the sum of
all main N cycling rates indicated that the process was the dominant N cycling
processes under these conditions.

Results

There was a significant seasonal pattern in water table elevation at each of the
13 sites. However, the amplitude of the water table fluctuations varied widely
within and between sites depending on the local topographic and geomorphic
context (Table 2). Therefore, there were no significant relationships between
geographical location of the site, that is, latitude and longitude, and the
average water table level. In most cases, the water table remained closer to the
soil surface in the near-stream and intermediate strips than in the near-field
strips. Overall, the forested sites in England and Spain had lower water tables
than the other sites. At each site, water table variations followed a seasonal
pattern but at the European scale it was not related to average monthly
temperature or precipitation (Burt et al. 2002).

Nitrogen cycling process rates did not show any significant differences be-
tween the forested and the wet meadow sites (Table 3). However, significant
seasonal patterns in process rates were found at the different study sites (Table
3). On the other hand, no patterns were detected that related to climatic dif-
ferences, expressed as latitude (Figure 1(A—C)). Similarly, no significant trends
could be found between climatic parameters such as average annual soil tem-
perature or precipitation and the annual rates of N cycling processes (Figure 1
(D-I)). A significantly higher average net nitrification rate was measured at the
Spanish site (0.9mgNkg 'dry soilday™'), whilst the highest average deni-
trification rates (0.6-0.9Nmgkg™' dry soilday™') were measured in the
Netherlands, France and Switzerland (Figure 2). No significant positive rela-
tion was found between N cycling process rates and annual N loading rates or
extractable inorganic nitrogen (Figure 3). For further details on this aspect see
the data analysis by Cosandey et al. (2002).
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Table 3. Results from a three-way ANOVA with differences between the study sites, vegetation
cover and season.

Process Ammonification Denitrification Nitrification
df F P df F P df F P

Study site 5 15238 0.000 5 43.160 0.000 5 11.443  0.000
Vegetation type 1 2.588  0.109 1 2.038 0.155 1 0.440  0.508
Season 3 4.797  0.003 3 3.392  0.019 3 4.195  0.000
Site x vegetation 3 1.908 0.129 3 2.580 0.054 3 2.553  0.056
Site x season 15 4.054 0.000 15 3.196  0.000 15 3.183  0.000
Vegetation x season 3 0.722  0.540 3 0916 0.434 3 0.862  0.461
Site x vegetation X season 9 1.653  0.100 9 3.684  0.000 9 1.457 0.164

At most sites net ammonification rates were significantly lower than ni-
trification and denitrification rates (Wilcoxon rank test p < 0.0001). Highest
average net ammonification rates measured at the Dutch sites were in the same
order of magnitude as nitrification and denitrification (0.3mgNkg 'dry
soilday ).

Global analysis of the data set, that is, collating results from all sites, re-
sulted in a significant relationship (> = 0.908, p<0.001) between net
ammonification and total mineralization rate in the riparian top-soils when
groundwater levels were above —10cm (Figure 4(A)). Ammonium was the
main end product of the N mineralization under these waterlogged conditions.
Below this —10cm groundwater level threshold, no relationship was found
between net ammonification and total mineralized N in topsoil. However,
when groundwater table was below —10cm we measured a significant
relationship (+* = 0.917, p < 0.001) between net nitrification and total N
mineralization (Figure 4(B)), with nitrate as the predominant end product
of N mineralization.

Relationships between the sum of the rates of the main N cycling microbial
processes (SMP) in the top 20 cm of the riparian soils were correlated with each
of the processes, that is, net ammonification, net nitrification and denitrifica-
tion, in order to evaluate their respective contribution under different
groundwater conditions (Figure 5). When water table level was above —10cm,
a significant positive relationship occurred between ammonification and SMP
(Figure 5(A)) and between denitrification and SMP (Figure 5(B)). Net ni-
trification was negligible at all SMP values (Figure 5(C)). When the water table
level was located between —10 and —30cm, net ammonification rates were no
longer significant (Figure 5(D)) but denitrification exhibited a highly significant
positive relationship with SMP (Figure 5(E)) with a regression slope close to 1.
Net nitrification rates were measurable but low at all values of SMP (Figure
5(F)). Where water table levels were below —30 cm ammonification was again
very low (Figure 5(G)) but high rates of nitrification were measured (Figure
5(1)), representing the highest proportion of the microbial processes of N
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Figure 2. Nitrification, denitrification and ammonification in riparian top soils (0-20cm) (NM
process not measured). Means and standard errors of process rates are given (n > 30) Study sites in
England (UK), Poland (PL), The Netherlands (NL), France (F), Switzerland (CH), Romania (R)
and Spain (S). Letters (a, b, ab, ¢) indicate significant differences (Tukey’s a posteriori test).

cycling measured (> = 0.77, p < 0.001). There was still some denitrification
activity, even when the groundwater table level was below —30cm (Figure
5(H)). On closer inspection, these higher denitrification rates were measured in
soil with high silt + clay content (Figure 6(A)). This relationship between soil
grain size and denitrification did not exist when the groundwater table level
was above —30cm (Figure 6(B)).
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Figure 4. Relationship between ammonification and nitrification versus the total N mineralization
in top-soils (0—20cm) separated by groundwaterlevel at a threshold value of 10cm below the soil
surface (63 < n < 249)

Discussion

Results from this pan-European study confirmed the key role of the ground-
water table level in soil N cycling processes in riparian zones. This direct
control over the rates of soil N cycling processes overrides other key factors
often mentioned in the literature such as soil texture (Groffman and Tiedje
1989; Pinay et al. 1995), soil type (De Klein and Van Logtestijn 1994),
geomorphic context (Pinay et al. 2000; Johnston et al. 2001), climatic conditions
(Groffmann et al. 1987; Tiedje 1988), N input (Hanson et al. 1994; Verchot
etal. 1997) or vegetation cover (Daniels and Gilliam 1996; Groffman et al. 1996).
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Figure 6. Denitrification rates in riparian top-soils (0-20cm) as a function of the silt and clay
content, separated for wet and dry sites using the groundwater table threshold value of —30cm
(62 < n < 249).

It is already well known that waterlogging limits oxygen diffusion by filling the
soil pore space and, in turn, that it triggers anoxic conditions (Ponnamperuma
1972). Therefore, soil flooding or drainage type are often used as a proxy to
determine the redox conditions, and denitrification potential, or to identify
riparian sinks for nitrate in watersheds (Gold et al. 2001; Rosenblatt et al.
2001). In this European study, we found different water table level thresholds,
that is, —10 and —30cm, which characterized the predominance of different
microbial N cycling processes in the soils. Denitrification activity occurred at
all groundwater table levels; even in soils with groundwater levels below
—30cm (Figure 5). However, the rates varied widely, and the results provided
evidence that the limiting factors of denitrification were directly related to the
water table level.

When the water table was within —10 cm of the soil surface, the major end
product of N mineralization was ammonium (Figure 5(A)). Net nitrification
was insignificant (Figure 5(C)) because of the shortage of free oxygen in the
soil. Even though it might occur in aerobic spots, the nitrate end product will
have been denitrified. Therefore, under these conditions nitrification can be
considered as the rate-limiting step for the denitrification process (Davidson
and Swank 1986; Van Oorschot et al. 2000). The very high denitrification rates
measured at the Dutch sites occurred because of an extremely high allochto-
nous nitrate input from the adjacent upland fields so that there was a high
nitrate availability even in the saturated near-stream strip (Figure 5(B)). The
high ammonification rates found at the Dutch sites under these reduced con-
ditions (Figure 5(A)) may have partly been caused by microbial dissimilatory
reduction of NO;~ to NH, " (Howard-Williams and Downes 1993).

When water table levels were between —10 and —30 cm from the soil surface
we measured the highest rates of denitrification. Under these conditions,
aerobic and anaerobic hot spots co-exist in the soil profile allowing both ni-
trification and denitrification to occur (McClain et al. 2003). The nitrifica-
tion activity was demonstrated indirectly by the lack of net ammonification
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(Figure 5(D)), which revealed that most ammonium being released was further
nitrified. However, net nitrification was still limited (Figure 5(F)) since its
nitrate end product was denitrified as soon as it was formed (Figure 5(E)).
Therefore water table fluctuations within the upper soil horizons, that is, circa
—10 to —30cm, allows the co-existence of both nitrification and denitrification
microbial processes in close proximity, which results in a large removal of
nitrogen from the riparian soils via denitrification (average values range from
0.62 to 1.04mg N kg~ ' dry soilday ).

In drier sites or periods, that is, when water table levels were below —30cm,
the end product of N mineralization was nitrate (Figure 5(I)). At such sites
denitrification can only occur in fine-textured soils and is probably triggered by
short-term events such as rainfall or flash floods that generate partial anae-
robiosis in these fine-textured soils. This significant relation between soil tex-
ture and denitrification activity in floodplain soils has been observed elsewhere
(e.g., Groffman and Tiedje 1989). For instance Pinay et al. (2000) found a
threshold value of 65% silt and clay above which significant denitrification
rates were found. In our study no such clear threshold value could be observed,
although the highest denitrification rates under these dry conditions occurred
in sites with a silt and clay content above 70% (Figure 6(B)).

According to Burt et al. (2002), water table movement is regulated by up-
slope hydrology in steep (headwater) riparian zones and by the adjacent stream
level in flat floodplains. Under natural conditions the hydrological regime of
riparian wetlands often entails large seasonal fluctuations in water table ele-
vation (Naiman et al. 2002; Nilsson and Svedmark 2002). Our results show that
water level variations can enhance nutrient losses by denitrification in wet
riparian zones leading to a decrease of N availability. In riparian zones with
low N loading rates this will lead to a decrease of plant production compared
to permanently wetter or drier sites. This result is consistent with previous
studies by Clawson et al. (2001) who found the highest primary productivity in
the wettest zones and Burke et al. (1999) who related the lowest net primary
production in the intermittently flooded zone to nutrient deficiency.

In riparian zones subjected to considerable N enrichment, increased water
level variations will enhance the nitrogen removal efficiency. Indeed, several
studies have demonstrated that alternating aerobic and anaerobic conditions
affect soil microbial activity (Mamilov and Dilly 2002), enhancing organic
matter mineralization and nitrogen loss through denitrification (Reddy and
Patrick 1975; Groffman and Tiedje 1988). In a recent study (Clément et al.
2002) found that the potential denitrifying community of the upper soil hor-
izons of riparian zones did not vary significantly between the near-stream strip
and the non-flooded upland bordering the agricultural field, despite the large
seasonal groundwater table fluctuations. This large and ubiquitous potential
denitrification activity even in drier sites reveals that any change in the hy-
drological regime might affect the denitrification activity in riparian soils.
Scenarios of climate change on the hydrological regime forecast an increase of
the inter-annual variability of runoff (Arnell 1999).
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Therefore, water table level and its dynamics can be altered both from the
upslope by land use/land cover change influencing the runoff response and
from the changes in river discharge.

Although it is difficult to forecast all the consequences of climate change on
N cycling in riparian ecosystems, the prevalent role of water table dynamics in
N cycling provides some basis for predictions of possible changes. Indeed, an
increase in runoff variability will result in larger fluctuations in water table level
and consequently larger fluctuations in soil redox conditions, which in turn will
stimulate N removal by denitrification. Moreover, enhanced temperatures may
increase rates of N mineralization (Rustad et al. 2001), nitrification and de-
nitrification (Maag et al. 1997). In northern Europe, Arnell (1999) expect an
increase in average annual runoff, which may result in an increased nutrient
loading of riparian zones. Thus, in terms of water quality enhancement ri-
parian buffer zones in the north are expected to become even more effective
under the new climatic conditions. In southern Europe, however, drier soil
conditions as a result of climatic change, are expected to compensate the effects
of temperature increase on mineralization and N removal by denitrification
(Leiros et al. 1999; IPCC 2001). Furthermore, the total area of wetlands is
expected to decrease in the south, which could reach the point that their
nutrient amendment function would become insignificant from the catchment
perspective.

Conclusions

In this study, three consistent water table thresholds were identified at very
different riparian sites in terms of climate and N loading. When water table
levels are within —10cm of the soil surface, ammonification prevails and am-
monium accumulates in the topsoil. Average groundwater tables between —10
and —30cm favour denitrification and therefore reduce the nitrogen avail-
ability in soils. At sites with water table levels below —30 cm, nitrate is the main
end product as a result of high net nitrification. At these latter sites, deni-
trification is triggered by rainfall events in fine-textured soils. These threshold
values provide a proxy to evaluate the consequences of water level variations
under human or natural changes on nitrogen processes and N availability in
riparian wetlands.
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