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Abstract Seasonal and diurnal variations of in-
stream NOs-N concentration oscillations were studied
through high-frequency measurements of stream-
water’s physical, chemical parameters (in-stream
NOs-N concentration, water temperature, dissolved
oxygen, pH) and hydrometeorological variables
(stream discharge, solar radiation) under hydrologi-
cally stable conditions. The study was carried out in
2006, within the 42 km?> forested Pade? stream
watershed in the southwestern part of Slovenia, which
is characterized by distinctive hydrogeological settings
(flysch) and climate conditions (transitional area
between the Mediterranean and continental climate).
Fine temporal data resolution (15-min interval) enabled
identification of the factors responsible for seasonal
variability in the diurnal pattern of the streamwater
NOs-N concentrations versus seasonal and diurnal
behavior of meteorological and other water chemistry
constituents. The observed seasonal variability of in-
stream NOj3-N daily oscillations indicates the important
role of primary production uptake, particularly during
seasons when deciduous vegetation is dormant and
light levels in the stream are high. Highest daily NO3-N
concentration amplitudes (0.3 mg/l-N) and daily
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changes in the NO3;-N flux (0.4-0.5 g/s-N) were
observed in spring; the NO3-N concentration oscilla-
tions in summer showed a considerably smaller effect
of the in-stream uptake (maximum NO5-N daily
concentration amplitude 0.1 mg/I-N; daily change in
the NO3-N flux 0.02 g/s-N). Seasonal shifts in the
timing of daily maximum (up to 6 h) and minimum
NO;-N concentrations (between 1 and 3 h) provided
some additional indications of seasonal changes in the
in-stream primary production uptake and its relation to
the terrestrial component of the forested watershed.

Keywords Diurnal oscillations - Forested
watersheds - High-frequency measurements -
Seasonality - Slovenia - In-stream nitrate

Introduction

Imbalances in nitrogen biogeochemical cycle have
become an important environmental issue on both
local and global scale as changes in relationships
between different forms of N can be useful leading
indicators of environmental change. Nitrate leaching
to streams draining forested watersheds is a sensitive
indicator of the biogeochemical status of forest
ecosystem and has been used as a response variable
in the studies of the forest management practices
(Aber et al. 1991; Likens and Bormann 1995;
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Goodale et al. 2002), atmospheric deposition altera-
tions (Aber et al. 1997; Binkley et al. 2000; Aber
et al. 2003; Burns 2004), soil characteristics (Gun-
dersen et al. 1998; Fitzhugh et al. 2003) and
hydrologically induced flushing of nutrients (Cirmo
and McDonnell 1997; Band et al. 2001; Inamdar et al.
2004). Nitrate generally dominates leaching in forests
with excess of N (Fenn et al. 1998; Gundersen et al.
2006); the streamwater nitrate exports could be
limited by the availability of the accumulated nitrate
in the soil pool and alternatively, by the absence of
the sufficient movement of water to provide transport.
Understanding the cause of natural variability of
streamwater nitrate concentration in unpolluted sites is
essential for providing baseline information against
which data from elevated nitrate concentration sites
can be compared (Vanderbilt et al. 2003; Beachtold
et al. 2003). Furthermore, nitrate concentrations in
streams draining forested watersheds provide addi-
tional information about the processing of N in the
forest and the possibility to study wide range of
environmental physical and biogeochemical factors
which are well known to play an important, yet a
highly changeable role. N cycling and leaching loss
depend on the interactions among a suite of potentially
important physical variables; therefore in a particular
study region, a large relative range in one of those
variables may cause it to dominate and mask the role
of the others. A great deal of the observed discrepan-
cies found in the literature may be ascribed to the
variability of the N alteration controlling variables.
Contemporaneous seasonal changes in biotic
activity, physical and hydrologic conditions make it
difficult to determine whether nitrate leaching is
driven solely by a seasonal increase in nitrate
availability through increased mineralization and
nitrification rates, or whether it is simply due to
flushing of nitrate that has accumulated over longer,
hydrologically inactive periods of time. The greatest
variability of the in-stream nutrient concentration is
usually observed during the periods of changing
hydrological conditions. The event-scale observations
of nitrate flushing are highly complex in terms of
simultaneous hydrological and water chemistry mon-
itoring; however they offer additional opportunities to
study the interactions between the hydrological
characteristics and biogeochemical background of a
particular forested watershed (Arheimer et al. 1996;
Andersson and Lepisto 1998; McHale et al. 2002;
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McGlynn and McDonnell 2003; Rusjan et al. 2008).
On the other hand, various hydrologically induced
streamwater nitrate concentration responses mask the
connectivity between the in-stream nitrogen transfor-
mations and seasonal biogeochemical settings which
occur continuously. As discussed by Kirchner et al.
(2004) one might assume that nothing interesting
would be observed during hydrologically “inactive”
periods between rainfall events. However, it is during
just such periods that interesting biogeochemical
signs may appear, precisely because they are not
obscured by hydrological fluctuations. Unfortunately,
important biogeochemical signs are usually hidden
behind the low temporal resolution of the measure-
ments. Moreover, factors that affect the temporal
variations are not necessarily the same ones as those
which control the spatial variations across the study
area.

Streamwater chemistry in small streams strongly
reflects the processes in the biogeochemical sur-
rounding. Additionally, in-stream N transformations,
processes by which N is converted among its various
inorganic oxidation states or between organic and
inorganic or dissolved and particulate forms, are
important in many stream ecosystems (Christensen
et al. 1990; Mulholland 1992; Holmes et al. 1996;
Bernhardt et al. 2002). Usually, in-stream processing
of nitrogen is ignored as a potentially important
component in determining the watershed output
(Bernhardt et al. 2005). This is partly true in studies
of the hydrologically triggered nitrate fluxes, where
contact times in small streams are very short and the
actual biogeochemical signs in the stream are defined
well in advance by biogeochemical processing of
nitrogen in periods preceding rainfall events. How-
ever, in-stream N transformations may significantly
affect the interpretations about terrestrial processes
and mass balances for watershed ecosystems made
from samples taken at a particular point along the
stream channel. Studies have shown that despite their
relatively small proportion of watershed surface area,
streams can be important sites for transformations
and retention of nutrients (Burns 1998; Alexander
et al. 2000; Peterson et al. 2001). Thus, ignoring in-
stream nutrient processing and its temporal variabil-
ity may lead to erroneous conclusions about the role
of terrestrial processes in controlling streamwater
nutrient concentrations (Mulholland 2004; Roberts
and Mulholland 2007).



Biogeochemistry (2010) 97:123-140

125

In this study we analyze high frequency in-stream
NOs-N concentration dynamics observed in the period
March—-November 2006 in a mesoscale watershed in
Slovenia covered mainly by a deciduous forest.
Synchronous high-frequency measurements of stream-
water chemistry and hydrometeorological conditions
during hydrologically stable periods in different sea-
sons disclosed interesting interconnections between
the in-stream dynamics of the physical parameters and
chemical constituents on one hand, and meteorological
variables on the other which emerge simultaneously on
adaily basis. Although the main focus was on the high-
frequency variations of the NO3-N concentration, we
tried to connect the high-frequency observations to the
role of the well known seasonal patterns. The fine
temporal resolution of the data enabled us to identify

Fig. 1 The Padez stream
watershed and the
monitoring system

driving factors responsible for the daily streamwater
NO;-N oscillating behavior and to make some distinc-
tions between the roles of the biogeochemical “back-
ground” of the forest ecosystem surrounding the
stream and the processes which take place inside the
stream water body.

Study area

The Pade? stream watershed comprises 42.1 km?* and
is situated in the Southwestern part of Slovenia
(Fig. 1). The Padez stream is a tributary of the Reka
river, one of the best known sinking streams of the
Classic Karst area in Slovenia. The PadeZ watershed
reaches deeply into the hilly area of Brkini in the

Legend:
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Limnigraph and
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south (altitude up to 811 m a.s.l.); the outflow to the
Reka River is at 368 m a.s.l. The wider Brkini hilly
area is climatically a transitional area between the
Mediterranean and continental climate with a mean
annual temperature of 9.6°C (gebenik 1996). Mean
annual precipitation is approximately 1,440 mm.
The prevailing movement of the wet air masses is
in the southwest—northeast direction. The majority of
the precipitation falls during the October—March
period; periodical snowfall on the highest parts of
the Brkini hills does not have a substantial influence
on watershed hydrology.

The Brkini hilly area and the Padez watershed
consist of Eocene flysch (mainly marl and sandstone
layers) underlain by deep cretaceous carbonate bed-
rocks which also surround the wider area of the
Brkini flysch basin. From the hydrogeological point
of view, the PadeZ watershed has a uniform structure
characterized by low permeability of erodible flysch
layers and a consequently well developed, dense and
highly incised stream channel network with a drain-
age density of 1.94 km/km”. The lowest parts of the
main valleys (the PadeZ and Suhorka stream valleys)
are covered by up to 4-m thick alluvial deposits. The
hydraulic conductivity of flysch is low (in the range
107 to 107> m/s), the hillslopes are steep (average
slope derived from the digital elevation model
amounts to 33%), the average slope of the Padez
stream channel being almost 3%.

Soils in the study area are spatially uniform.
According to the WRB 2006 soil classification they
are classified as Haplic Cambisol (Humic, Hyperdy-
stric, Endoskeletic) with 5 cm thick O horizon,
shallow 1-2 cm thick A horizon and up to 1-m thick
mineral layers; pH varies between 3.5 and 4, the C/N
ratio of O—A and upper mineral horizons is 18.4 and
15.8, respectively. Regarding the textural composi-
tion, 35% of particles are sand, 46% silt and 19%
clay-sized. The hydraulic conductivity of soils is low
(around 107> m/s).

Mean discharge of the PadeZ stream in the year
2006 was 0.67 m>/s; the long-term mean annual
discharge of the PadeZ stream amounts to 1.12 m*/s
(Rusjan et al. 2008). The hydrologic response of the
watershed is very fast (lag time ~ 3 h), rainfall runoff
drains very quickly which is on one hand reflected in
the flushing, almost torrential regime of the Padez
stream (yearly hydrograph peaks above 10 m?/s) and
on the other through low stream discharges during
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dry periods (low summer baseflow less than 50 1/s).
Most of the year, water is present only in the Padez
stream and its major tributary, the Suhorka stream,
other smaller streams in the watershed being inter-
mittent. The streambed in the Padez and Suhorka
stream is composed mainly of coarse gravel and
cobble; due to the torrential regime of the streams,
the streambed of the two main streams is consider-
ably wide (8-10 m at the sampling point P4 stream
section; Fig. 1), therefore during the periods of low to
mean discharges the depth of water in the stream
channel is shallow.

The Padez watershed is minimally disturbed by
human activity; it has been used for local drinking
water supplies and, as such, it is also foreseen as an
additional source of drinking water for the water-
deficient area of the Slovenian coastal region.
According to the CORINE 2000 land cover data,
82% of the watershed is covered by forest (79% by
broad-leaved forest), and 18% of the watershed
comprises complex cultivation patterns (mainly
meadows with significant areas of natural vegetation)
which discontinuously appear on top of the hills and
are all in the state of intensive successive reforesta-
tion. Steep hillslopes and narrow lower parts of the
valleys are completely covered by deciduous forest.
Sessile oak (Quercus petraea), Black alder (Alnus
glutinosa), Beech (Fagus sylvatica L.), and Horn-
beam (Carpinus betulus) are main tree species that
can be found at the Padez watershed (Slovenian
Forest Service 2000).

Methods
Data acquisition

The monitoring system at the Padez watershed is
shown in Fig. 1. Rainfall data were obtained from 6
Onset RG2-M tipping bucket rain gauges located
within the Padez watershed; the meteorological data
were gathered from the Vaisala MAWS201 automatic
meteorological station positioned in the middle of the
watershed (Fig. 1). The meteorological station was
equipped with a wind sensor, global solar radiation
detector (silicon pyranometer), relative humidity and
temperature probe. Water levels in the streams were
recorded continuously with a 5-min time step at four
locations using a Unidata Starflow model 6526-51
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1-D Doppler instrument with an integrated logger.
The instrument records water velocity (ultrasonic
Doppler principle), water stage (hydrostatic pressure
sensor referenced to atmospheric pressure) and water
temperature. Flow was gauged on stream sections
equipped with limnigraphs using two instruments.
During low flow conditions, Flo-Tracer, a salt-
dilution flowmeter was used, whereas during middle
to high flows, a 2D/3D handheld Sontek ADV
Doppler velocimeter was applied. Water level records
were converted to volumetric discharges by empirical
ratings that were validated by gauging at different
water levels.

Stream chemistry was measured on a 15-min time
step using a Hydrolab MiniSonde 4a water quality
multi-parameter data-sonde. The multi-parameter
sonde is designed for on-site and flow-through
applications and measures water chemistry parame-
ters simultaneously (Brilly et al. 2006). The sonde
includes the following sensors: ion-selective nitrate
electrode, 30 k ohm variable resistance temperature
sensor, electric conductivity and total dissolved solids
(TDS) sensor with graphite electrodes, pressure
sensor, Clark Cell design dissolved oxygen (DO)
sensor and KCl impregnated glass bulb pH sensor.
The concentration of inorganic nitrogen atmospheric
deposition (ammonium + nitrate) was measured in
bulk rainfall samples at the §kocjan meteorological
station positioned 8 km NW of the studied area.

In order to achieve accurate water chemistry
readings of the multi-parameter sonde, the mainte-
nance and calibration procedures including regular
cleaning of the sensors and replacement of the ion-
selective nitrate sensor were carefully followed. Grab
water samples were taken monthly from January to
November 2006 and approximately biweekly during
the periods of continuous streamwater chemistry
measurements at the site where the multi-parameter
sonde was installed. Laboratory analysis of the grab
samples were used for calibration control of the
multi-parameter sonde readings. The samples were
collected and preserved according to ISO 5667-6 and
ISO 5667-3 standards, respectively. NO5;-N was
measured according to ISO 10304-1 standard with
the ion chromatograph. The ¢-test was used to
statistically compare the results of the measurements
of nitrate concentration by the ion-selective sensor
and through laboratory analysis (confidence interval
0.95). The ion-selective nitrate sensor showed

slightly higher NO3-N concentrations than laboratory
analysis, but the differences between the readings
were not statistically significant (N = 14; p = 0.12).
The mean absolute difference between the laboratory
analysis and the nitrate sensor was 0.4 mg/I-N
(R* = 0.82; RMSE = 0.6 mg/I-N) considering the
measurements during rainfall events and hydrologi-
cally inactive periods. If comparing only the mea-
surement made during dry periods, the difference
between the laboratory analysis and the nitrate sensor
readings were even lower (N = 6; p = 0.31; mean
absolute difference <0.2 mg/1-N).

Time series analysis

Standard statistical analyses were applied to original
data in order to investigate the main underlying
temporal patterns in the time series datasets. The data
were inspected by means of auto-correlation function
and smoothers. The relationships between seasonal
temporal patterns of individual parameters (water
chemistry and meteorological variables) and the
streamwater nitrate concentration were assessed by
cross-correlation. Cross-correlations of NOs-N con-
centrations with water temperature, DO concentra-
tions and pH were significant at a 0.95 confidence
interval.

In addition to statistical analysis, a stationary
wavelet transform was applied on normalized NO3-N,
DOsat and pH datasets. Normalization of the datasets
was done by removing the seasonal differences in the
mean values (between each parameter datasets) and
the presence of temporal trends (increasing or
decreasing parameter readings throughout the time
series). Therefore, only the differences in the ampli-
tude and timing of the daily oscillations have
remained in the normalized datasets. The stationary
wavelet transform was further used to decompose the
input signals into lower resolution components. In
this way, pure frequencies (harmonics) of the
parameters oscillations were derived and separated
from the noise in the input signal. The parameter
signals were de-noised using Daubechies No. 5
wavelet and 5 decomposition levels. Details about
the use of wavelet analysis can be found in Percival
and Walden (2000). The statistical analysis and the
wavelet analysis were done using MATLAB 7.3®
software. Pure, de-noised parameter signals were
used to evaluate typical seasonal differences in the
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oscillations’ amplitudes and daily minimum and
maximum timing.

Results

Spatial variations in the streamwater NO5-N
concentrations

The study of spatial distribution of streamwater NO3-N
concentrations along the main stream, and the Padez
and the Suhorka tributaries, was carried out with the
intention to investigate spatial anomalies in the NO3-N
concentration across the Padez watershed. Three
campaigns of spot measurements were performed in
the beginning of May, July and the end of September
2006. All three campaigns temporally coincided with
antecedent dry periods and baseflow conditions. The
spatial distribution of sampling points is indicated in
Fig. 1; the results of the spot NO3-N concentration
measurements at selected sampling points during each
campaign, campaign mean values and standard devi-
ations (SD) are summarized in Table 1.

In-stream NO5-N concentrations along the streams
had only minor spatial variations in NO5-N. In the
case of May and September series, a slight increase in
the NO3z-N concentration (between 20 and 30%) was
observed from the headwater parts of the watershed
downstream towards the measuring section equipped
with the multi-parameter sonde (sampling point P4 in
Fig. 1). The increase in the concentration was
negligible in the July campaign when low NO;-N

Table 1 Spatial distribution of the streamwater NO5-N con-
centrations from spot measurements at selected sampling
points across the Padez watershed (for the position of sampling
points see Fig. 1)

Sampling May July September
point (mg/I-N) (mg/I-N) (mg/1-N)
S1 1.4 1.2 1.1

S2 1.7 1.3 1.3

S3 1.9 1.4 1.7

P1 1.2 1.2 1.0

P2 1.5 1 1.2

P3 1.6 1.1 1.1

P4 1.7 1.2 1.5
Mean 1.57 1.13 1.28

SD 0.23 0.13 0.25
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concentrations coincided with low summer baseflow
conditions.

Time series of the streamwater chemistry
and meteorological conditions

Figure 2 shows synchronous high-frequency mea-
surements of streamwater parameters (NO5-N con-
centration, DO saturation, pH, water temperature),
stream discharge and meteorological conditions (solar
radiation) during hydrologically inactive periods in
spring (March and April dataset), summer (June and
July dataset) and fall (October and November cam-
paign). Air temperature was not included into the
dataset as it expressed high correlation with water
temperature data and therefore did not provide
additional information. The water chemistry was not
monitored during the dry winter period which was in
2006 extremely cold (air temperatures down to
—10°C) as the freezing of the stream could have
damaged the multi-parameter sonde. The datasets
cover dry periods without precipitation, except minor
rainfall event at the end of the March dataset.
Although the stream discharges during the spring
observations in March and April were rather high
(more than 0.80 m>/s in the case of the March dataset)
compared to other periods in summer and fall
(discharges between 0.05 and 0.18 m¥/s, respec-
tively), the water depth remained relatively shallow.
Considering the cross-section geometry at sampling
point P4, at discharge 0.8 m’/s the average water
depth amounts ~25 cm whereas the water surface
width is ~9 m. Specific stream channel geometry
seemed to reduce the effect of higher discharges on
the diurnal dynamics of the streamwater chemistry.
All datasets cover the periods of 4 days.

The water chemistry and meteorological parame-
ters have a diurnal pattern of oscillation (Fig. 2); the
temporal occurrence of the minimum and maximum
values of the parameters varies on a daily basis. The
solar radiation was measured at an open location; the
solar radiation peaks were measured between noon
and 2 pm. The peak diurnal water temperature lagged
behind the solar radiation peaks by 3-5 h; whereas,
minimum water temperature occurred between 7 and
9 am. Diurnal dissolved oxygen (DO) saturation
peaks were observed between 11 am and 1 pm, the
daily minimum appeared between 9 and 11 pm, while
the peak diurnal pH values occurred at 1-3 pm and
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Fig. 2 Synchronous high frequency dynamics of the streamwater chemistry and meteorological conditions in spring (March and
April), summer (June and July) and fall (October and November). For the sonde location see Fig. 1

pH daily minimum at 1-3 am. Stream discharges
showed minor and less distinctive diurnal oscillating
behavior which could be observed especially during
low flow conditions in summer and fall. In these
periods, maximum discharges could be noticed
between 9 and 11 am and discharge minimums
between 9 and 11 pm.

The NOs-N concentration pattern was also diurnal,
but with greater temporal variability, especially for
the nitrate concentration diel peak. The minimum
daily nitrate concentrations were generally measured
between 6 and 9 pm, whereas the maximum concen-
trations seasonally shifted from 6 am in the summer
(July dataset) to 1 pm in fall (November dataset).
Simple regression revealed relatively little relation-
ship between the parameters because the parameter
oscillations are temporally shifted. Diurnal oscilla-
tions shown in Fig. 2 indicate a visually strong
positive correlation between DO saturation and pH,
and a negative correlation between water temperature
and NOs-N.

Discussion

Seasonal pattern of the in-stream NO3z-N
concentration and implications of N status
of the watershed

The seasonal trends of streamwater nitrate concen-
trations and their relationship with other in-stream
and climatic parameters (especially water and air
temperatures) have been reported in studies of
natural, temperate forested catchments (Cirmo and
McDonnell 1997; Fenn et al. 1998; Murdoch et al.
2000; Rogora 2007). Van Miegroet et al. (2001)
showed that temperature control on N production and
hydrological control on nitrate leaching during the
growing season could cause an interannual variation
of nitrate concentrations and export. During the
warmer months, although mineralization of soil
organic N is more rapid, nitrate can be immobilized
by microbial and plant uptake. In colder months, the
biological uptake and transformation of nitrate is
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greatly reduced; thus the soil has a reduced ability to
retain nitrate during the winter compared to summer
(Clark et al. 2004). It is therefore not surprising that
mean monthly air and water temperatures were used
as a predictor of streamwater nitrate concentration in
papers by Heathwaite et al. (1993), Arheimer et al.
(1996), Mitchell et al. (1996), Sickman et al. (2003)
and others.

The seasonal variability of time series values of
streamwater NO5-N concentration, water temperature
(Twater), dissolved oxygen saturation (DOsat) and
pH at the sonde location are shown in Fig. 3.
Although pH did not have a notable seasonal cycle,
DOsat and Twater did have a negatively related
seasonal pattern. In addition to the positive effect of
low water temperature on DO concentration, higher
DOsat values in the spring could also be ascribed to
in-stream primary production during the open canopy
period (March—April) and intensified aeration in the
coarse sediment stream channel during higher stream
discharges.

The water temperature’s seasonal pattern effect on
the streamwater NO5s-N concentrations can be clearly
seen and agrees with the findings of other studies.
However, simultaneous changes in seasonal biotic
activity and hydrological conditions make it difficult

to identify the prevailing cause for the seasonal
streamwater NO;-N concentration pattern. Higher
mean streamwater NO;-N concentrations during
spring campaigns in March and April (~ 1.8 mg/l-N),
together with the reduced immobilizing capacity of
soils and plants, could be partially associated with
higher discharges and therefore intensified hydrolog-
ically induced transport of NO3-N to the stream;
however in the summer and fall this could not be the
case, because of the low baseflow conditions. During
the summer campaign (June and July), the mean
NO;3-N concentration was 1.5 and 1.1 mg/I-N; in fall
(November) the mean NO5-N concentration was
1.9 mg/I-N. The difference between the mean stream-
water NO53-N concentrations in summer and fall
could therefore be more clearly associated with the
contrasting seasonal biogeochemical settings.

The cumulative atmospheric deposition of inor-
ganic nitrogen in 2006 (derived from mean concen-
trations in bulk rainfall samples) was around 8 kg/ha
(ARSO 2007). Mean in-stream NO3-N concentration
calculated on all sonde measurements was 1.6 mg/I-N,
which is relatively high if compared to other studies
of nitrate variability in forests. However, a great
number of these studies were carried out in highland
or even mountainous watersheds with variable

Fig. 3 Seasonal variability
of the time series values of
NO;3-N concentration, 2r —
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atmospheric N deposition levels and mean annual
temperatures (Likens and Bormann 1995; Arheimer
et al. 1996; Hood et al. 2003; Sickman et al. 2003,
Clark et al. 2004). Higher NO3-N concentrations (by
a factor of 2 or 3) are reported in streams draining
deciduous forests than in those draining watersheds
covered by coniferous forests (Binkley et al. 2004).
Bernal et al. (2005) have suggested that dissolved
inorganic N (DIN) might be leaching more easily in
forested Mediterranean catchments than in temperate
ones as a consequence of high soil mineralization
rates. Increased DIN leaching could further also be
related to the presence of an asynchrony between
the availability of mineral N and the ability of
vegetation to use it, as suggested for Mediterranean
regions in CA (USA) (Holloway and Dahlgren
2001).

Tree species can markedly influence forest eco-
system N cycling (Lovett et al. 2004). While the
Padez watershed is covered mainly by old-growth,
broad-leaved forest, the prevailing tree species on the
narrow riparian areas is black alder (Alnus glutinosa).
Alder is particularly noted for its symbiotic relation-
ship with a bacterium (Frankia alni), which forms
nodules on tree roots (Binkley et al. 1992; Hart et al.
1997). This nitrogen-fixing bacterium absorbs N from
the air and makes it available to the tree, with the
annual rate of fixation estimated at up to 125 kg of
N/ha, leading to higher rates of N mineralization and
nitrification (Pastor and Binkley 1998). Due to the
lack of detailed understanding of the role of forest
composition in the studied area on the seasonal extent
of the forest soil N pool and further, on streamwater
NO;-N dynamics, one cannot develop further hypoth-
eses, but the presence of N-fixing tree species in
riparian areas could be a cause for elevated in-stream
NOs-N concentrations. Moreover, changes in stream-
water NO3-N concentrations particularly in its sea-
sonal pattern have been proposed as an indicator of
terrestrial N saturation (Stoddard 1994). Increased
NO;-N leaching to groundwater or streams is the
primary symptom of nitrogen excess (Fenn et al.
1998). Aber et al. (1995) have discussed the influence
of the N saturation on forest biochemistry and
primary production in northern temperate and boreal
forests in North America, while Goodale et al. (2000)
report elevated losses and decreased retention of N in
old-growth systems. Furthermore, a strong negative
association between forest soil C/N ratio and NO3-N

leaching was identified as a highly descriptive
variable (Lovett et al. 2002; Ollinger et al. 2002);
Gundersen et al. (1998) even stated that the forest
ecosystem N-saturation status is controlled by the
forest floor C/N ratio.

At the Pade7 watershed, the presence of old-
growth forest and N-fixing tree species (riparian
black alders), low soil C/N ratio (15-18) and further,
relatively high streamwater NO3-N concentrations
accompanied by a seasonal pattern provide some
support for the N saturation status of the forested
watershed. Additionally, the cumulative atmospheric
deposition of DIN in the studied region might also
represent a supplementary factor which could signif-
icantly affect the watershed N status.

Seasonal changes in amplitude of in-stream
NOs-N concentration diurnal oscillations

In hydrologically stable periods under low-flow
conditions, diurnal cycles of streamwater nitrate
concentration were discernible in datasets reported
by others (Mulholland 1992; Hessen et al. 1997,
Burns 1998; Scholefield et al. 2005; Roberts and
Mulholland 2007). The findings of these studies
generally agree with our diurnal NO5-N results: the
lowest concentrations in the late afternoon and
highest concentrations early in the morning. Tempo-
ral changes to in-stream NO3-N concentrations in the
literature are usually associated with changes in
diurnal photoautotrophic activity. The overall obser-
vation of lower streamwater NO3-N during daylight
hours than at night suggests that in-stream NO;-N
uptake is greater during the day.

In our case, some further evidence for the role of
biological activity is provided by the visually inverse
relation between pH, DOsat versus NO3-N concen-
trations, especially during summer datasets (June and
July). The uptake of NO3-N and carbon dioxide by
photoautotrophs increases pH during the day (Fig. 2).
The diurnal oscillations in NO3-N concentration also
could be a result of diurnal oscillations in discharge
(summer and fall datasets) and the consequently
increased leaching of NO5-N from forest soils;
however, the potential role of leaching appears rather
limited as the NO5-N oscillations are even greater in
the spring, when no diurnal discharge pattern is
evident.
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In order to directly compare seasonal changes in
the NO3-N diurnal pattern, the NO5-N concentrations
have been normalized firstly by removing seasonal
differences in the mean NOs5-N concentration (pre-
sented in Fig. 3), and secondly, concentration tem-
poral trends (decreasing or increasing) during each
NO;-N concentration time series. The moving aver-
ages for 8 periods (2 h) of normalized values of the
streamwater NO3-N concentrations for the spring
(April dataset), summer (July dataset) and fall
(November dataset) are compared in Fig. 4.

Seasonal differences between the diel amplitudes
in the NO3-N concentration oscillations can be seen
in Fig. 4. In the April dataset the amplitude moved
within the range of 0.2-0.3 mg/I-N around the mean
concentration, while in the July dataset the amplitude
did not exceed 0.1 mg/I-N. In the November dataset
an increase in the amplitude could be noticed in
comparison to the July dataset. The amplitude of the
NO;3-N concentration oscillations could be linked to
the amplitude of other in-stream parameters’ oscilla-
tions, e.g., pH amplitude during the April dataset
(Fig. 3); but the overall seasonal relation between
NO;-N concentration amplitudes and amplitudes of
other parameters (Twater, DOsat and pH) remains
rather unclear. Linear regression revealed that 81% of
the seasonal variance in NOs-N amplitudes can be
explained by the diel Twater amplitudes. The relation
between diurnal variations in Twater and NO3-N
concentration is consistent with the results presented
by Mulholland et al. (2006), where greater diurnal
variations in nitrate uptake particularly in late spring
were possibly a result of diurnal variation in water
temperature.
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Fig. 4 moving averages for 8 periods (2 h) of normalized
values of the NO3-N concentration with removed temporal
trends for the spring (April), summer (July) and fall
(November) dataset
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On the other hand, diel pH and DOsat amplitudes
explained only 53 and 19% of the seasonal variance
in diel NO3-N amplitude. Consequently, it is difficult
to interpret the seasonal variability of the diel NO3-N
amplitudes in terms of the seasonal diel amplitude
changes in DOsat and pH as indicators of in-stream
autotrophic activity.

Nevertheless, the seasonal change in oscillation
amplitudes could be related to seasonal ambient light
conditions in the stream channel and, consequently,
to a light-dependent intensity of the biological
activity as discussed by Triska et al. (1983), Burns
(1998) and Hamilton et al. (2001). The presence of
the seasonal variations in stream metabolic activity
and its relation to the diurnal variations in stream-
water NO3-N concentration was confirmed by Rob-
erts and Mulholland (2007).

Since the canopy on deciduous trees at the forested
Padez watershed had not developed by April, the
available light would have reached the stream more
readily at a time when the water temperature had
became favorable for photoautotrophic activity. In
the summer, the stream was heavily shaded by the
overhanging trees. Therefore, light was not able to
penetrate to the stream and the intensity of the
primary producers’ activity became strongly inhib-
ited, resulting in a suppressed diurnal streamwater
NO;3-N signal.

Additional factors which in combination with
seasonal ambient light conditions at the stream
surface could contribute to observed changes in
streamwater NO3-N diurnal amplitude are the high
stream channel wetted perimeter and shallow water
depths during periods of low to medium flows,
conditions suitable for in-stream biotic activity.
Alexander et al. (2000) found that in-stream N
retention rates were inversely and exponentially
related to river depth, probably reflecting the strong
influence of high surface/volume ratios on the
enhanced role of biotic and abiotic processes in
regulating stream water chemistry.

Due to the flushing regime of the streams at the
Padez watershed, the channels of the main streams
(the Suhorka and the Padez stream) are rather wide;
variations in the discharge contribute to substantial
changes to the channel wetted perimeter and water
surface width. The water surface width (channel
geometry of the cross-section at sampling point P4)
against stream discharge is shown in Fig. 5. Although
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the relation between discharge and water surface
width is reported for a particular channel cross-
section, it could also be used to represent the basic
geometric characteristics of the channel along the
stream section downstream of the confluence of the
Suhorka and the Padez stream (Fig. 1).

By linking the stream channel geometry data to the
stream discharges for the periods of our datasets,
variations in the water surface width can be observed
(Fig. 5). During the July dataset, in accordance with
low summer flows (around 0.06 m3/s), the water
surface widths were ~3 m, whereas in spring (March
and April datasets) during higher discharges (average
discharge during March dataset was 0.69 m*/s and
during April dataset 0.47 m/s, respectively), the
water surface span was between 8 and 9 m. Conse-
quently, the average water depth remained shallow or
could even decrease as water moved laterally into
broad and shallow channel areas that are not flooded
during lower discharges. Through increased surface/
volume ratio, a much wider stream channel wetted
perimeter was made available as a substratum for the
stream autotrophs during somewhat higher discharges
in spring, which could result in a strengthened daily
NO;-N signal.

Seasonal shifts in the timing of daily minimum
and maximum streamwater NO3-N concentration

Further comparison of normalized NO3-N concentra-
tion series shown in Fig. 4 clearly indicate some
additional differences among them. The time
sequence of daily minimum values is seasonally
much less dispersed than that of the daily maximum

values. While the daily minimum values occur
between 6 and 9 pm (light grey areas in Fig. 4), the
occurrence of the daily maximum values shifted
seasonally from 10-11 am in April to 67 am in July,
and back to 12—-1 pm in November (dark grey areas in
Fig. 4).

A cross-correlation was applied on the time series
of the streamwater NOs-N concentrations in order to
investigate the seasonal temporal shifts in diurnal
streamwater NO3-N oscillations. The results are
summarized in Table 2. Lags present the amount of
temporal shift (in full hours) for which the NO5-N
concentration time series in rows are shifted versus
NOs-N concentrations in columns to maximize the
cross-correlation function (XCF); (e.g., temporal shift
between March NOs-N time series and other time
series of NO3-N concentration). The longest, a 5-h
temporal shift, was detected between the July and
November NOs-N concentration dataset.

The cross-correlation function was also used to
study the seasonal behavior of other parameters
(water temperature, DO saturation, pH, solar radia-
tion). The seasonal temporal shifts between particular
parameter datasets did not exceed one hour, therefore
no significant seasonal differences in the daily pattern
of the oscillations could be stated.

Additional analysis of the seasonal changes in the
timing of daily NO3-N concentration minimums and
maximums has been done by de-noising the normal-
ized NO3-N concentration, DOsat and pH original
signals using wavelet analysis. Original and clean
signals for all datasets are presented in Fig. 6.

As discussed earlier and is also evident from
Fig. 6, only the NO3-N concentration diel amplitudes

Fig. 5 Water surface width 10
against stream discharge in
the channel cross-section at 9 1

sampling point P4
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Table 2 Cross-correlation analysis of the streamwater NO3-N concentration datasets (XCF—cross-correlation function), lags are

given in full hours

March April June July October November
XCF Lags XCF Lags XCF Lags XCF Lags XCF Lags XCF Lags
March - -
April 0.816 0 - -
June 0.762 -1 0.882 0 - -
July 0.706 -2 0.855 -3 0.677 -1 - -
October 0.688 0.539 0.574 2 0.748 3 - -
November 0.759 2 0.843 2 0.690 3 0.826 5 0.667 2 - -
have a considerable seasonal pattern. Seasonal uptake which resulted in low streamwater NO5-N

changes in pH diel amplitudes are much less
discernible (higher amplitudes in spring and minor
amplitude decrease towards summer and fall), and
there is practically no seasonal difference in the
DOsat oscillation amplitudes. Mean daily oscillations
of NO;-N concentration, DOsat and pH clean signals
for each dataset are shown in Fig. 7. The mean daily
oscillation for each dataset was calculated as an
average of daily oscillations throughout the period of
each dataset (4 days); the mean daily oscillation
therefore presents a typical daily behavior of the
parameters during a particular dataset.

By cross-correlation analysis, the seasonally inde-
pendent daily behavior of DOsat and pH has been
identified; additionally, a seasonally consistent tem-
poral pattern of DOsat, pH daily minimum and
maximum can be clearly seen in Fig. 7 and agrees
with the commonly observed dynamics, indicating
the role of in-stream primary production. In view of
daily NOj3-N variations, the influence of the uptake
by in-stream photoautotrophs becomes rather unclear
due to seasonal time lags. Especially the daily NO5s-N
variability in March and November dataset is difficult
to explain by the in-stream photoautotroph uptake
when the daily NO;-N concentration peak moved
towards daily DOsat and pH peaks. The most
consistent pattern in terms of primary producers’
uptake could be observed in July, when DOsat and
pH daily maximums almost coincided with NO3-N
minimums and vice versa (Fig. 7). The clearer
indication of the primary production NO5-N uptake
could be a result of both, the diurnal in-stream
activity of primary producers and strong immobili-
zation of NO3-N in forest soil by microbial and plant
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concentration in summer.

Mulholland et al. (2006) also indicated the pres-
ence of a 24-h cycle in nitrate uptake with highest
rates during the middle to latter part of the daylight
period and lowest rates at night just before dawn. The
24-h cycle in nitrate uptake could be presumably
responsible for temporal decoupling and lag of daily
NOs-N concentration oscillations after the DOsat and
pH daily pattern (Fig. 7). The slow decrease in the
NO;-N highest uptake rates from middle to latter part
of the daylight period towards midnight, as described
by Mulholland et al. (2006), agrees with our NO3-N
concentration observations. Seasonally relatively
independent daily NO3-N concentration minimums
in the early evening period could be a consequence of
seasonally unchanged temporal occurrence of highest
daily NO3-N uptake rates by primary producers (also
indicated by the timing of DOsat and pH daily peaks,
Fig. 7). On the other hand, seasonal variability of the
NO3-N concentration daily maximums could be
associated with seasonal lags in the daily lowest
NO3-N uptake rates which in other studies (e.g.,
Burns 1998; Mulholland et al. 2006) were observed
before dawn. An additional factor that could influ-
ence the shift of the NO;-N daily maximums in
spring and autumn towards midday is the greater
supply of NO3-N to the stream due to reduced
terrestrial retention and daily water temperature
fluctuation. The temperature effect on in-stream
microbial activity is not disputed, but there is not
always consensus as to how much it affects the
activity and changes of bacterial communities in
streams; with sufficient nutrients, increases in tem-
perature up to the temperature optima will increase
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streambed metabolic activity (Kaplan and Bott 1989).
Net freshwater photosynthesis varies little in the
temperature range between 10° and 20°C; by lower-
ing the temperature, the photosynthetic activity
diminishes providing that other environmental factors
remain stable (DeNicola 1996). In summer (July
dataset), the NO3-N supply to the stream was low, the
water temperature range (above 14°C) could not
significantly influence the timing of the NO3-N daily

770 1155

Sonde measurements

1540 1925 2310

peaks, and they appeared around dawn. Especially
during the March and November dataset early
morning water temperatures were low (down to
3-4°C, Fig. 2). Consequently, the NO5-N uptake by
photoautotrophs could be additionally reduced in the
morning, the NO3-N supply to the stream was high
and the daily NO3-N maximums might accordingly
move towards midday. Due to diel water temperature
rise, the temperature conditions could become less
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Fig. 7 Mean daily oscillations of NO3-N concentration, DOsat and pH clean signals

restrictive for the primary producers’ activity, caus-
ing a decline in the NO3-N concentration from
midday towards late afternoon.

Terrestrial versus in-stream processing of NO3-N

Despite the powerful impact of the terrestrial com-
ponent of the watershed on stream nutrient export, it
is increasingly evident that processes within the
stream contribute substantially to,—and at times may
dominate—watershed N export, thus affecting our
interpretation of overall watershed processes (Likens
and Bormann 1995; Bernhardt et al. 2005). The
availability of N for in-stream processing depends
ultimately on the amount of N that is transported
from the terrestrial system and atmospheric environ-
ment to the stream, but the N processing capacity of
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aquatic systems relative to the rates of N supply is not
well known (Burns 1998; Bernhardt et al. 2002).
Seasonal changes in the daily nitrate flux as a
product of NO3-N concentration and discharge could
be used to examine the seasonal differences in the
daily in-stream nitrate uptake. Due to considerable
differences in discharge, the seasonal NO;-N flux
changes are much more distinctive than the differ-
ences in the concentration. By normalizing and thus
neglecting the differences in mean NO3;-N flux
between different datasets and temporal trends due
to changeable discharges, the seasonal differences in
the daily NOs-N flux change become also much more
pronounced (Fig. 8). In the case of the March and
April dataset, the daily flux change was between 0.4
and 0.5 g/s-N whereas the maximum July daily flux
change was only 0.02 g/s-N. Accordingly, during the
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spring datasets, the daily NO3;-N flux change was
more than 20 times higher than during the summer
dataset.

Seasonal daily flux variability therefore suggests
important seasonal changes in the extent of the in-
stream processing and retention of NO3-N. During the
March and April dataset, the NO5-N supply to the
stream was high; the daily change in the NO3-N flux
was the greatest, suggesting that the in-stream NO5-N
uptake was at its peak. In spring, the in-stream uptake
could therefore have an important role in assessing the
flux of nitrate from the forest. In summer during low
flows, the supply of the NO3-N from the terrestrial
system to the stream is considerably reduced and so is
the in-stream uptake, whose potential effect on the
total flux assessment is greatly diminished.

It has been argued that in-stream retention or
processing of N is a major factor influencing in-stream
nitrate concentration in a variety of ecosystems
(Peterson et al. 2001). However, in our study as in
Lovett et al. (2002), conditions in headwater streams
which are steep, rocky and shaded by overhanging
trees tend to reduce in-stream N biogeochemical
transformations and retention. Spatial distribution of
the streamwater NO;-N concentrations along the
streams at the PadeZ watershed could indicate that a
great part of the in-stream NOs5-N is set while the
water percolates through the forest soils before
reaching the stream. Furthermore, the input of NOs-
N to the stream during baseflow conditions clearly
follows a seasonal pattern which is presumably
controlled by the NO5-N immobilizing capacity of
the forest floor (Fig. 3). The observed increase in the
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Fig. 8 Seasonal differences in the daily NO3-N flux change

NO3-N concentration downstream in May and Sep-
tember (Table 1) could be related to increased leach-
ing of nitrate from the forest soils. During the July
campaign, both the spatial variability of the stream-
water concentrations across the watershed and also the
in-stream concentrations were the lowest and appar-
ently associated with maximum, mid-summer immo-
bilization of nitrate by microbial and plant uptake.
The overall supply of the NO5-N from the Padez
watershed to the streams is high, and the in-stream
NO3-N uptake seems to be inadequate to cause a
downstream decrease in the NO3z-N concentration.
Nevertheless, the diurnal temporal dynamics of the
in-stream NO5-N concentration is most likely driven
by the primary production uptake. The early morning
daily NOj3-N concentration maximum could present
an input of NO5s-N from the terrestrial system (forest)
to the stream, which is minimally obscured by the in-
stream processes taking place during the daylight.

Conclusions

High-frequency observations during the periods
which are not obscured by the changeability of
hydrological conditions provided additional opportu-
nities to explain the role of the simultaneous varia-
tions of seasonal meteorological conditions and water
chemistry on the dynamics of the diurnal streamwater
NO;-N oscillations. Seasonal variability in the diurnal
streamwater NOs-N concentration behavior versus the
seasonally relatively uniform behavior of other water
chemistry constituents in terms of the timing of daily
maximum and minimum values and furthermore, the
seasonal variations in the amplitude of the daily
oscillations offer some supplementary evidence of the
in-stream NO5-N uptake by primary producers.

Our results showing seasonal in-stream NO3z-N
concentration variability indicate the potentially
important role of primary production uptake on the
daily dynamics of NO3-N in forested streams,
particularly during seasons when deciduous vegeta-
tion is dormant and light levels in the stream are high.
In spring, highest daily amplitudes in NO3-N con-
centration and daily changes in the NOs-N flux have
been observed as a result of the seasonal ambient
light conditions. Additionally, increased in-stream
uptake could also be related to increased stream
surface/volume ratios and the stream channel wetted
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perimeter, and thus higher in-stream processing
during periods of somewhat higher discharges. The
NOs3-N concentration oscillations in summer show
the smaller effect of the in-stream uptake, which
could be additionally confined by low supply of the
NO;-N to the stream due to high immobilization in
forest soils. The observed diurnal NO5-N concentra-
tion variations have important implications for the
long-term assessments of N cycling in streams and
calculation of NO3-N flux from the forested water-
sheds; the seasonal changes in the patterns of the
NOs3-N concentration indicate considerable seasonal
variability in the in-stream uptake, which should be
properly considered in such calculations.

The seasonal behavior of the NO5-N flushing from
the Padez watershed under hydrologically changeable
conditions has been discussed by Rusjan et al. (2008).
The analysis presented here could, according to the
previous results, lead to an important new conclusion.
Whereas NO;-N flushing during rainfall events
depends on the seasonal transitions between the
flush-limited and source-limited states of the forested
watershed, by contrast the drying of the watershed
after the rainfall events shifts the controlling factors
responsible for the in-stream NO3;-N dynamics from
the forested areas surrounding the stream into the
stream. Therefore, during dry periods, the observed
diurnal in-stream NO;-N oscillations are mainly
controlled by daily in-stream NOs3-N processing,
namely the uptake by photoautotrophs. The shift of
the mechanisms responsible for continuous regulation
of in-stream NO3-N dynamics requires further anal-
ysis, which would have to be supplemented by a more
detailed understanding of temporal changes in the
forest soil N pool.

Acknowledgments This research was supported by the
Slovenian Research Agency (doctoral grant No. 3311-03-
831624 and research program P2-0180) and the Ministry of the
Environment and Spatial Planning of the Republic of Slovenia.
We gratefully acknowledge M. Padeznik, A. Vidmar,
D. Matthews, and T. Kralj for field and technical support.
The authors wish to thank two anonymous reviewers for their
constructive suggestions and helpful comments on earlier
versions of the manuscript.

References

Aber JD, Melillo JM, Nadelhoffer KJ, Pastor J, Boone RD
(1991) Factors controlling nitrogen cycling and nitrogen

@ Springer

saturation in northern temperate forest ecosystems. Ecol
Appl 1:303-315

Aber JD, Magill A, McNulty SG, Boone RD, Nedelhoffer KJ,
Downs M, Hallett R (1995) Forest biochemistry and pri-
mary production altered by nitrogen saturation. Water Air
Soil Pollut 85:1665-1670

Aber ID, Ollinger SV, Driscoll CT (1997) Modeling nitrogen
saturation in forest ecosystems in response to land use and
atmospheric deposition. Ecol Model 101:61-78

Aber JD, Goodale CL, Ollinger SV, Smith M, Magill AH,
Martin ME, Hallett RA, Stoddard JL (2003) Is nitrogen
deposition altering the nitrogen status of northeastern
forests? Bioscience 53(4):375-389

Alexander RB, Smith RA, Schwarz GE (2000) Effect of stream
channel size on the delivery of nitrogen to the Gulf of
Mexico. Nature 403:758-761

Andersson L, Lepisto H (1998) Links between runoff genera-
tion, climate and nitrate-N leaching from forested catch-
ments. Water Air Soil Pollut 105:227-237

Arheimer B, Andersson L, Lepisto A (1996) Variation of
nitrogen concentration in forest streams—influences of
flow, seasonality and catchment characteristics. J Hydrol
179:281-304

ARSO (2007) Kakovost zraka v Sloveniji v letu 2006 (Air
quality in Slovenia in 2006—In Slovenian). Environ-
mental Agency of the Republic of Slovenia, Ljubljana,
p 90

Band LE, Tague CL, Groffman P, Belt K (2001) Forest eco-
system processes at the watershed scale: hydrological and
ecological controls of nitrogen export. Hydrol Process
15(10):2013-2028

Beachtold JC, Edwards RT, Naiman RJ (2003) Biotic versus
hydrologic control over seasonal nitrate leaching in a
floodplain forest. Biogeochemistry 63:53-72

Bernal S, Butturini A, Sabater F (2005) Seasonal variations of
dissolved nitrogen and DOC: DON ratios in an intermit-
tent Mediterranean stream. Biogeochemistry 75:351-372

Bernhardt ES, Hall RO, Likens GE (2002) Whole-system
estimates of nitrification and nitrate uptake in streams of
the Hubbard Brook Experimental Forest. Ecosystems
5:419-430

Bernhardt ES, Likens GE, Hall RO, Buso DC, Fisher SG,
Burton TM, Meyer JL, McDowell WH, Mayer MS,
Bowden WB, Findlay SEG, MacNeale KH, Stelzer RS,
Lowe WH (2005) Can’t see the forest for the stream?
In-stream processing and terrestrial nitrogen exports.
Bioscience 55:219-230

Binkley D, Sollins P, Bell R, Sachs R, Myrold D (1992) Bio-
geochemistry of adjacent conifer and alder-conifer stands.
Ecology 73:2022-2033

Binkley D, Son Y, Valentine DW (2000) Do forests receive
occult inputs of nitrogen? Ecosystems 3:321-331

Binkley D, Ice GG, Kaye J, Williams CA (2004) Nitrogen and
phosphorus concentrations in forest streams of the United
States. J] Am Water Resour As 40:1277-1292

Brilly M, Rusjan S, Vidmar A (2006) Monitoring the impact of
urbanisation on the Glinscica stream. Phys Chem Earth
31(17):1089-1096

Burns DA (1998) Retention of NO3—in an upland stream
environment: a mass balance approach. Biogeochemistry
40:73-96



Biogeochemistry (2010) 97:123-140

139

Burns DA (2004) The effects of atmospheric nitrogen deposi-
tion in the Rocky Mountains of Colorado and southern
Wyoming, USA—a critical review. Environ Pollut
127:257-269

Christensen PB, Nielsen LP, Sorensen J, Revsbech NP (1990)
Denitrification in nitrate-rich streams: diurnal and sea-
sonal variation related to benthic oxygen metabolism.
Limnol Oceanogr 35:640-651

Cirmo CP, McDonnell JJ (1997) Linking the hydrologic and
biogeochemical controls of nitrogen transport in near-
stream zones of temperate-forested catchments: a review.
J Hydrol 199:88-120

Clark MJ, Cresser MS, Smart R, Chapman PJ, Edwards AC
(2004) The influence of catchment characteristics on the
seasonality of carbon and nitrogen species concentrations
in upland rivers of Northern Scotland. Biogeochemistry
68:1-19

DeNicola DM (1996) Periphyton responses to temperature at
different ecological levels. In: Stevenson RJ, Bothwell
ML, Lowe RL (eds) Algal ecology, freshwater benthic
ecosystem. Academic Press, London, pp 150-176

Fenn ME, Poth MA, Aber JD, Baron JS, Bormann BT, Johnson
DW, Lemly AD, McNulty SG, Ryan DF, Stottlemyer R
(1998) Nitrogen excess in North American ecosystems:
predisposing factors, ecosystem responses, and manage-
ment strategies. Ecol Appl 8:706-733

Fitzhugh RD, Lovett GM, Ventereia RT (2003) Biotic and abiotic
immobilization of ammonium, nitrite and nitrate in soils
developed under different tree species in the Catskill Moun-
tains, New York, USA. Glob Change Biol 9:1591-1601

Goodale CL, Aber JD, McDowell WH (2000) The long-term
effects of disturbance on organic and inorganic nitrogen
export in the White Mountains, New Hampshire. Eco-
systems 3:433-450

Goodale CL, Lajhta K, Nadelhoffer KJ, Boyer EW, Jaworski
NA (2002) Forest nitrogen sinks in large eastern US
watersheds: estimates from forest inventory and an eco-
system model. Biogeochemistry 57(58):239-266

Gundersen P, Callesen I, de Vries W (1998) Nitrate leaching in
forest ecosystems is controlled by forest floor C/N ratio.
Environ Pollut 102:403—407

Gundersen P, Schmidt IK, Rasmussen KR (2006) Leaching of
nitrate from temperate forests—effects of air pollution
and forest management. Environ Rev 14:1-57

Hamilton SK, Tank JL, Raikow DF, Wollheim WM, Peterson
BJ, Webster JR (2001) Nitrogen uptake and transforma-
tion in a Midwestern US stream: a stable isotope enrich-
ment study. Biogeochemistry 54:297-340

Hart SC, Binkley D, Perry DA (1997) Influence of red alder on
soil nitrogen transformations in two conifer forests of
contrasting productivity. Soil Biol Biochem 29:1111-1123

Heathwaite AL, Burt TP, Trudgill ST (1993) Overview—the
nitrate issue. In: Burt TP, Heathwaite AL, Trudgill ST
(eds) Nitrate: processes, patterns and management. Wiley,
Chichester

Hessen DO, Henriksen A, Smelhus AM (1997) Seasonal
fluctuations and diurnal oscillations in nitrate of a heath-
land brook. Water Res 31:1813-1817

Holloway JM, Dahlgren RA (2001) Seasonal and event-scale
variations in solute chemistry for four Sierra Nevada
catchments. J Hydrol 250:106-121

Holmes RM, Jones JB, Fisher SG, Grimm NB (1996) Deni-
trification in a nitrogen-limited stream ecosystem. Bio-
geochemistry 33:125-146

Hood EW, Williams MW, Caine M (2003) Landscape controls
on organic and inorganic nitrogen leaching across an
alpine/subalpine ecotone, Green Lakes Valley, Colorado
Front Range. Ecosystems 6:31-45

Inamdar SP, Christopher S, Mitchell MJ (2004) Flushing of DOC
and nitrate from a forested catchment: role of hydrologic flow
paths and water sources. Hydrol Process 18(14):2651-2661

Kaplan LA, Bott TL (1989) Diel fluctuations in bacterial
activity on streambed substrata during vernal algal
blooms: effects of temperature, water chemistry, and
habitat. Limnol Oceanogr 34(4):118-733

Kirchner JW, Feng X, Neal C, Robson AJ (2004) The fine
structure of water—quality dynamics: the (high-frequency)
wave of the future. Hydrol Process 18(7):1353-1359

Likens GE, Bormann FH (1995) Biogeochemistry of a forested
ecosystem, 2nd edn. Springer, New York

Lovett GM, Weathers KC, Arthur MA (2002) Control of
nitrogen loss from forested watersheds by soil carbon:
nitrogen ratio and tree species composition. Ecosystems
5:712-718

Lovett GM, Weathers KC, Arthur MA, Schultz JC (2004)
Nitrogen cycling in a northern hardwood forest: do spe-
cies matter? Biogeochemistry 67:289-308

McGlynn BL, McDonnell JJ (2003) Quantifying the relative
contributions of riparian and hillslope zones to catchment
runoff. Water Resour Res 39:1310-1320

McHale MR, McDonnell 1J, Mitchell MJ, Cirmo CP (2002) A
field-based study of soil water and groundwater nitrate
release in an Adirondack forested watershed. Water Re-
sour Res 38:1031-1047

Mitchell MJ, Driscoll CT, Kahl JS, Likens GE, Murdoch PS,
Pardo LH (1996) Climatic control of nitrate loss from
forested watersheds in the Northeast United States.
Environ Sci Tech 30:2609-2612

Mulholland PJ (1992) Regulation of nutrient concentrations in
a temperate forest stream: roles of upland, riparian, and
instream processes. Limnol Oceanogr 37(7):1512-1526

Mulholland PJ (2004) The importance of in-stream uptake for
regulating stream concentrations and outputs of N and P
from a forested watershed: evidence from long-term
chemistry records for Walker Branch Watershed. Bio-
geochemistry 70:403-426

Mulholland PJ, Thomas SA, Valett HM, Webster JR, Beaulieu
J (2006) Effects of light on NO; ™~ uptake in small forested
streams: diurnal and day-to-day variations. ] N Am Ben-
thol Soc 25(3):583-595

Murdoch PS, Baron JS, Miller TL (2000) Potential effects of
climate change on surface water quality in North America.
J Am Water Resour As 36:347-366

Ollinger SV, Smith ML, Martin ME, Hallett RA, Goodale CL,
Aber JD (2002) Regional variation in foliar chemistry and
N cycling among forests of diverse history and composi-
tion. Ecology 83:339-355

Pastor J, Binkley D (1998) Nitrogen fixation and the mass
balances of carbon and nitrogen in ecosystems. Biogeo-
chemistry 43:63-78

Percival DB, Walden AT (2000) Wavelet methods for time
series analysis. Cambridge University Press, UK, p 594

@ Springer



140

Biogeochemistry (2010) 97:123-140

Peterson BJ, Wollheim WM, Mulholland PJ, Webster JR,
Meyer JL, Tank JL, Marti E, Bowden WB, Valett HM,
Hershey AE (2001) Control of nitrogen export from
watersheds by headwater streams. Science 292:86-90

Roberts BJ, Mulholland PJ (2007) In-stream biotic control on
nutrient biogeochemistry in a forested stream, West Fork
of Walker Branch. J Geophys Res 112:G04002. doi:
10.1029/2007JG000422

Rogora M (2007) Synchronous trends in N-NO; export from
N-saturated river catchments in relation to climate. Bio-
geochemistry 86:251-268

Rusjan S, Brilly M, Mikos M (2008) Flushing of nitrate from a
forested watershed: an insight into hydrological nitrate
mobilization mechanisms through seasonal high-fre-
quency stream nitrate dynamics. J Hydrol 354:187-202

Scholefield D, Goff T, Braven J, Ebdon L, Long T, Butler M
(2005) Concerted diurnal patterns in riverine nutrient
concentrations and physical conditions. Sci Total Environ
344:201-210

Sebenik T (1996) Brkini and Ilirska Bistrica basin. Regional
geography of Slovenia. Part 4, (in Slovenian). Institute of
Geography, Ljubljana, pp 48-68

Sickman JO, Leydecker A, Chang CCY, Kendall C, Melack
IJM, Lucero DM, Schimel J (2003) Mechanisms underly-
ing export of N from high-elevation catchments during
seasonal transitions. Biogeochemistry 64:1-24

@ Springer

Slovenian Forest Service (2000) Silvicultural plans for the
Kozina and Ilirska Bistrica local forest units (in Slove-
nian), Unpublished documentation

Stoddard JL (1994) Long term changes in watershed retention
of nitrogen: its causes and consequences. In: Baker LA
(ed) Environmental chemistry of lakes and reservoirs,
Advances in Chemistry Series 237. Americal Chemical
Society, Washington, pp 223-283

Triska FJ, Kennedy VC, Avanzino RJ, Reilly BN (1983) Effect
of simulated canopy cover on regulation of nitrate uptake
and primary production by natural periphyton assemblages.
In: Fontaine TD, Bartell SM (eds) Dynamics of lotic eco-
systems. Ann Arbor Science, Ann Arbor, pp 129-159

Van Miegroet H, Creed IF, Nicholas NS, Traboton DG,
Webster KL, Shubzda J, Robinson B, Smoot J, Johnson
DW, Lindberg SE, Lovett G, Nodvin S, Moore S (2001) Is
there synchronicity in nitrogen input and output fluxes at
the Noland Divide Watershed, a small N-saturated for-
ested catchment in the Great Smoky Mountains National
Park? Sci World 1:480-492

Vanderbilt CL, Lajhta K, Swanson FJ (2003) Biogeochemistry
of unpolluted forested watersheds in the Oregon Cas-
cades: temporal patterns of participation and stream
nitrogen fluxes. Biogeochemistry 62:87-117


http://dx.doi.org/10.1029/2007JG000422

	Seasonal variability of diurnal in-stream nitrate concentration oscillations under hydrologically �stable conditions
	Abstract
	Introduction
	Study area
	Methods
	Data acquisition
	Time series analysis

	Results
	Spatial variations in the streamwater NO3-N concentrations
	Time series of the streamwater chemistry �and meteorological conditions

	Discussion
	Seasonal pattern of the in-stream NO3-N concentration and implications of N status �of the watershed
	Seasonal changes in amplitude of in-stream �NO3-N concentration diurnal oscillations
	Seasonal shifts in the timing of daily minimum and maximum streamwater NO3-N concentration
	Terrestrial versus in-stream processing of NO3-N

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


