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Abstract In-stream nitrate (NO; ™) uptake in rivers involves complex autotrophic and heterotrophic
pathways, which often vary spatiotemporally due to biotic and abiotic drivers. High-frequency monitoring of
NO,~ mass balance between upstream and downstream measurement sites can quantitatively disentangle multi-
path NO,~ uptake dynamics at the reach scale. However, this approach remains limited to a few river types and
has not been fully explored for higher-order streams with varying hydro-morphological and biogeochemical
conditions. We conducted two-station 15-min monitoring in five high-order stream reaches in central Germany,
calculating the NO,~-N mass balance and whole-stream metabolism based on time series of NO,~-N and
dissolved oxygen, respectively. With thorough considerations of lateral inputs, the calculated net NO;~-N
uptake rates (Ungr) differed substantially among campaigns (ranging from —151.1 to 357.6 mg N m? d~!,

with cases of negative values representing net NO,~-N release), and exhibited higher Ungr during the post-wet
season than during the dry season. Subtracting autotrophic assimilation (Uy, stoichiometrically coupled to
stream metabolism) from Uner, Up represented the net balance of heterotrophic NO,~-N uptake (Up > 0, the
dominance of denitrification and heterotrophic assimilation) and NO,~-N release (Up < 0, the dominance of
nitrification/mineralization). This rarely reported uptake pathway contributed substantially to Ungr patterns,
especially during post-wet seasons; moreover, it appeared to exhibit various diel patterns, and for Up > 0,

diel minima occurred during the daytime. These findings advance our understanding of complex reach-scale
N-retention processes and can help develop future modeling concepts at the river-network scale.

1. Introduction

Excessive anthropogenic nitrogen (N) runoff from watersheds has been increasingly polluting aquatic ecosys-
tems and causing eutrophication problems (Smith, 2003; Smith et al., 1999). One of the major diffuse sources
is the intensive application of fertilizers to increase agricultural production. This anthropogenic N (mainly
nitrate-nitrogen (NO,~-N)) has elevated NO,~ levels in river networks (Billen et al., 2013; Fowler et al., 2013).
The capacity of stream biota to take up NO,~ from the water column has attracted the attention of environmental
scientists and managers in the past few decades. Specifically, in-stream NO,~ retention processes across headwa-
ter streams and higher-order rivers have been found to buffer and mitigate significant NO,~ transport to down-
stream waterbodies (Alexander et al., 2000; Zhao et al., 2015).

Despite this critical importance, accurately estimating rates of in-stream NO,~ uptake at reach scales remains
difficult, and partitioning it among different pathways (e.g., assimilation, denitrification) is even more diffi-
cult. Assimilation by photoautotrophs (U,) is closely correlated with stream metabolism and, therefore, can be
informed by gross primary production - GPP (Heffernan et al., 2010; Jarvie et al., 2018; Lupon et al., 2016).
Heterotrophic uptake consists of assimilative uptake by heterotrophic microorganisms and dissimilatory deni-
trification (Jarvie et al., 2018). These various uptake pathways are influenced by both biotic and abiotic charac-
teristics of the stream (Alberts et al., 2017; Heffernan et al., 2010; Kunz et al., 2017). The complex convolution
of these drivers at the reach scale could result in high spatial and temporal variations in overall in-stream NO,~
dynamics. The seasonality of incoming solar radiation and shading by riparian vegetation can strongly influence
GPP-related U, (Alberts et al., 2017; Lupon et al., 2016; Yang et al., 2019). NO,~ uptake processes can also be
strongly impacted by the seasonal variations of water temperature and flow conditions (Chamberlin et al., 2021;
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Hensley et al., 2015). Spatially, agricultural and urban streams often exhibit high U4 due to less riparian shading
(in addition to elevated nutrient levels), their net NO,~ uptake is often much lower than in forested streams where
heterotrophic uptake rates can be much higher (Arango et al., 2008). Restoring forest riparian buffers in these
human-altered streams has been suggested as a best management practice to help re-establish natural ranges of
in-stream NO,~ processing (Sobota et al., 2012; Sweeney et al., 2004). Finally, channel modifications are another
important factor that influences denitrification efficiency by affecting the water exchange with hyporheic zones
(Gomez-Velez et al., 2015).

Several methods have been used to quantify NO,~ uptake and partition it into constituent pathways. Each has
inherent advantages and disadvantages. One approach is to add N (Hall et al., 2009; Mulholland et al., 2002).
While this can provide pathway-specific inferences (Mulholland et al., 2009; Tank et al., 2018), its reliance
on costly isotope addition logistically restricts its application to smaller streams. Pulse injections of unlabe-
led nutrients are an alternative approach (Covino et al., 2010) that can also be applied to larger rivers (Tank
et al., 2018), but usually provides no pathway-specific inferences. Moreover, these tracer-addition methods only
capture a snapshot representing a single set of conditions without considering temporal dynamics. More recently,
advances in high-frequency in-situ sensor technology have enabled continuous high-frequency monitoring of
in-stream water quality parameters (Burns et al., 2019; Pellerin et al., 2012; Rode, Wade, et al., 2016). Because
approaches based on in-situ monitoring are passive, they can be applied across stream orders and over extended
periods of time, and their high temporal resolution can help explore variation in NO,~ uptake at sub-daily scales
(Chamberlin et al., 2021; Rode, Halbedel Née Angelstein et al., 2016).

Despite this advantage, several challenges remain, particularly regarding the disentangling of processing path-
ways. Heffernan and Cohen (2010) quantified NO,~ assimilation and the sum of denitrification and hetero-
trophic assimilation based on diel variations in NO,~ concentrations in a spring-fed river (i.e., constant inputs)
at a single sampling station. Dissolved oxygen (DO), commonly used to estimate GPP using a single station,
continuously re-equilibrates with the atmosphere and limits the distance over which upstream inputs affect
the downstream signal (Hensley & Cohen, 2016). This is not the case for the non-gaseous solute NO,~, and
so the use of the one-station method is often restricted to a limited range of hydrological conditions (Rode,
Halbedel Née Angelstein et al., 2016; Yang et al., 2019). Alternatively, approaches based on two stations relax
these constraints and have been successfully applied to investigate in-stream processes related to non-gaseous
solutes such as NO,~ (Hensley & Cohen, 2016; Kunz et al., 2017). Moreover, combining measurements of stream
metabolism and NO,~ mass balance can help disentangle and partition uptake pathways (Jarvie et al., 2018).
In particular, this approach allows for subtracting assimilation uptake (U4) from net uptake (Uner) to quan-
tify the rarely investigated remaining part (Up), which represents heterotrophic uptake or NO,~ release (Jarvie
et al., 2018). Yet, the potential of multi-parameter two-station approaches has not been fully explored for describ-
ing dynamics of NO,~ uptake patterns in high-order reach with different stream conditions and during different
seasons, nor for investigating detailed sub-daily patterns of pathway-specific NO,~ uptake processes.

Here, we performed 11 campaigns of two-station, high-frequency, multi-parameter monitoring in five stream
reaches in central Germany, which exhibit a variety of stream conditions in terms of morphological sinuosity,
riparian, and surrounding vegetation conditions. The objectives of this study were (a) to apply multi-parameter
two-station approaches to disentangle NO,~ uptake pathways (i.e., the net uptake Uner, autotrophic assimilation
U, and their differences inferred heterotrophic uptake Up) in heterogeneous high-order stream reaches under
low-flow conditions, (b) to investigate pathway-specific uptake patterns and their variations between late spring
(post-wet season) and summer (dry season) with varying stream conditions, and (c) to analyze the sub-daily
pattern of Up and its variability under different stream and seasonal conditions.

2. Data and Methods
2.1. Study Reaches

We selected two reaches (ca. 6 km each) in the fourth-order middle Weife Elster River and three reaches
(ranged 3-7 km) in the sixth-order middle and lower Bode River, all located in the lowland region of central
Germany (Figure 1). These reaches exhibited substantial variations in stream morphological and surrounding
landuse conditions (Table 1). The Weife Elster River, ca. 250 km long, originates in the border region between
the Czech Republic and Germany and flows north into the Saale River, Germany. In the middle Weife Elster
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Figure 1. Locations of the five monitored stream reaches in Saxony-Anhalt, Germany, showing the two-station monitoring
design (upstream station (US) and downstream station (DS)) and the riparian and morphological conditions of the reaches.
The background map was taken from OpenStreetMap and riparian land uses (500 m on each side of the reaches) from
CORINE (2018).

where the study reaches are located, NO,~-N concentrations have been increasing due to intensive agricultural
activities and effluent release from sewage-treatment plants (Wagenschein & Rode, 2008). The upstream reach
(WE_1) (Figure 1a) and downstream reach (WE_2) (Figure 1b) have contrasting hydromorphological condi-
tions (Table 1): WE_1 is artificially channelized and surrounded by arable land, whereas WE_2 conserves a
highly sinuous morphology and passes through a patch of agricultural grassland. We stopped reaching WE_2 ca.
100 m upstream of the mining drainage to avoid the influence of groundwater discharge from the mine (Kunz
et al., 2017). The groundwater table in this area is low due to mining, which restricted interactions with ground-
water during our measurements. Riparian deciduous trees surround the river corridor of both reaches, and the
stream is partly shaded by broad leaves during the vegetation season.

The Bode River, ca. 169 km long, originates in the Harz Mountain area and flows into the Saale River. The
middle and lower parts of the Bode watershed have long been used for intensive agriculture, due to highly
fertile Chernozem soils (Wollschléger et al., 2017). We chose two reaches (BD_1 and BD_2) in the middle Bode
upstream of the confluence with the major tributary, the Holtemme, which is impacted by urban effluent. Both
reaches have relatively little sinuosity, indicating significant channel modification for surrounding agricultural
use. Compared to BD_1 and BD_2, the lower Bode reach (BD_3) has a straighter river corridor (classified
as “completely changed” by the State Agency for Flood Protection and Water Management of Saxony-Anhalt,
Germany (LHW, 2022)) and is wider, with a gentler slope (Figures 1c and Table 1). In addition, more macro-
phytes were observed in BD_3 than in BD_1 and BD_2. Riparian vegetation, including deciduous trees, is exten-
sive in all reaches, in addition to the varying surrounding land uses (Figure 1). The hydrology of the Bode River
corridor has been altered by engineering structures. One weir is located between BD_1 and BD_2 and another is
located ca. 700 m downstream of the BD_3 downstream stations, both of which alter stream hydraulic character-
istics and impound water upstream of the weirs.

Discharge measurements were obtained from the nearest gauging stations operated by LHW: the Zeitz station
(51°03'26"N, 12°08'37"E) for the Weipe Elster, the Wegeleben station (51°53'15"N, 11°11'22"E) for the middle
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Table 1
Morphological Features of River Reaches and Overview of Monitoring Deployments
Slope River morphology status® and Deployment periods Campaigns
Reach River Length (m) Width (m) Sinuosity (%o0) surrounding landscape® (start date—end date) (seasons)
WE_1 Weife Elster 6,280 23 1.20 0.5 Strongly modified and straightened; 2019/05/13-2019/05/16  2019-05 WE_1
intensive arable land (post-wet)
2019/09/18-2019/09/23  2019-09 WE_1
(dry)
WE_2 Weife Elster 6,100 23 2.65 0.89 Slightly modified and remains 2019/05/16-2019/05/20  2019-05 WE_2
meandering; permanent grassland (post-wet)
2019/09/23-2019/09/26  2019-09 WE_2
(dry)
BD 1 Middle Bode 7,170 17 1.44 0.6 Slightly modified; considerable riparian 2019/06/17-2019/06/20  2019-06 BD_1
forest and grassland (post-wet)
2020/08/03-2020/08/10  2020-08 BD_1
(dry)
BD_2 Middle Bode 3,360 17 1.24 0.6 Slightly to moderately modified; arable 2019/06/20-2019/06/24  2019-06 BD_2
land with some forest (post-wet)
2020/08/12-2020/08/19  2020-08 BD_2
(dry)
2021/07/19-2021/08/02  2021-07 BD_2
(transition)
BD_3 Lower Bode 6,150 20 1.12 0.036  Completely changed; intensive arable 2019/08/21-2019/08/26  2019-08 BD_3

land (dry)

2020/08/27-2020/09/03  2020-08 BD_3
(dry)

Note. Sinuosity: the ratio of the curvilinear length (along the reach) to the Euclidean distance (straight line) between the end points of the reach.
“based on the “watercourse development status” classification of LHW (2022). °CORINE (2018) from BKG.

Bode and the Hadmersleben station (52°00'20"N, 11°19'09"E) for the lower Bode, for which mean discharge
from 2016 to 2020 was 11.99, 5.11, and 8.04 m?3 s~!, respectively. All campaigns were conducted during the
low-flow period (May-September, see annual hydrographs in Figure S1 in Supporting Information S1). Flow
velocity ranged from 0.25 to 0.40 and 0.10-0.30 m s~! in the WE and BD reaches, respectively, estimated specif-
ically for each campaign using the specific conductivity informed travel times (see Method 2.2).

2.2. Sensor Deployment and Data Collection

For each reach selected, we set up in-situ sensors to monitor water chemistry at the upstream and downstream
stations. At each station, an automated ultraviolet spectrophotometer (OPUS, ProPS WW, TriOS, Germany) was
deployed to measure NO,™-N concentration, with a precision of 0.03 mg L~! and accuracy of +2%. We used a
sensor path length of 10 mm to measure absorption at wavelengths of 190-360 nm. Before each deployment,
the sensors were calibrated and checked for measurement offsets by pre-running them side by side in the same
stream water. A multi-parameter water-quality probe (EXO?, YSI Environment, USA) was deployed to simul-
taneously measure water temperature (precision 0.001°C, accuracy + 0.01°C), turbidity (precision 0.01 FNU,
accuracy + 2% FNU), pH (precision 0.01 units, accuracy + 0.1), specific conductivity (precision 0.1 puS cm™,
accuracy + 0.5%), dissolved oxygen (DO, precision 0.01 mg L', accuracy + 1%) and chlorophyll a (Chl-a, preci-
sion 0.01 pg L™, linearity: R? > 0.999 for serial dilution of Rhodamine WT solution from 0 to 400 pg L="). The
two sensors were installed in a 20 cm diameter vented pipe to protect them from debris and other disturbances.

The measurement frequency of both sensors was set to 15 min.

We conducted two or three campaigns per reach in different seasons (either from May-June or August-September,
representing post-wet and dry seasons, respectively). One additional campaign was conducted at BD_2 in July
2021, representing the transitional season (Table 1; Figure S1 in Supporting Information S1). The deployment
durations varied between 3 and 14 days. The sensor built-in automatic cleaning wipers operated every 1 hr to
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prevent biofilm accumulation. During the 14-day campaign (2021-07 BD_2), we manually cleaned the pipes and
probes at both stations after 7 days to ensure the data quality. We manually sampled water at both upstream and
downstream stations on the first and last day of each campaign. Samples were prepared following the standard
procedures in the Central Laboratory for Water Analytics & Chemometrics, Helmholtz Center for Environmental
Research — UFZ, Magdeburg, Germany. Detailed analytical descriptions can be found in Friese et al. (2014).
NO,™-N , nitrite-N (NO,-N), ammonium-N (NH,*-N), total N (TN), soluble reactive phosphorus (SRP), and
total phosphorus (TP) concentrations were measured. Concentrations of NH,*-N were always low (with mean
value 0.053 mg L~!) in our study regions, therefore, we exclusively focused on NO,™-N uptake (Table S2 in
Supporting Information S1). The laboratory analyses of grab sample NO,~-N concentrations were used as bench-
marks for sensor verification, as instructed in the sensor manual. Finally, we performed longitudinal profiling
(similar to Kunz et al., 2017) during the first campaign in each reach to identify potential inflows, for example,
small ditches and sewage pipes along the reach. During each of these longitudinal profiles, we measured the same
water chemistry parameters as we did at each upstream and downstream station.

Sub-daily variation in specific conductivity was used as a natural tracer to estimate the mean travel time (z) from
upstream to downstream stations during each campaign by calculating the mean time lag between each corre-
sponding peak and valley (for detailed information, see Text S1 in Supporting Information S1). Similar variations
in NO,~-N concentrations were then used to cross-validate 7 to ensure that it was estimated reasonably well.

2.3. Two-Station Method for Assessing Net Nitrate Uptake and Stream Metabolism

The two-station method was used to calculate reach-scale net NO,™-N uptake and stream metabolism. The areal
net NO,-N uptake (Uner) was calculated as the difference between inputs (from the upstream NO,;™-N flux
Qusi—c2 X [NO; - N]
Opsi+e2 X [NO; = N|

USimc)2 and lateral seepage flux Qp, X [N O;-N ] ;) and outputs (downstream flux

DSt /2), divided by total benthic area (v X L):

Qus,r—Z X [NO; - N]US,t—g 0L X [NO; - N]LJ - QDS,t+% X [NO; - N]DS,)‘+% )

UN ET:t — wx L
where Qu s and QO ps denote upstream and downstream discharge, respectively (here we used the same values from
nearby discharge gauging stations, Section 2.1); the width (w) was taken as the average between upstream and
downstream stations. Note that time-series of upstream and downstream fluxes were adjusted by —z/2 and +1/2,
respectively, based on the estimated travel time 7 between the two stations. Positive Uygr; indicates net NO,~-N
uptake, whereas negative Ungr; indicates net NO,™-N release.

The lateral discharge inputs (Q1) of three Bode reaches were estimated based on the drainage areas between the
upstream and downstream stations and the daily runoff depth simulated using a grid-base catchment hydrological
model. The NO,~-N concentration of the lateral inputs was assigned as 2 mg L~! for BD_1 and BD_2, 6.75 mgL~!
for BD_3 according to measurements from Bode lowland tributaries (from the state water authority-LHW). For
the Weipe Elster reaches, we did not consider lateral inputs because of the small sub-areas and low groundwater
levels. Further details of these lateral input considerations are provided in Supplementary Text S3 in Supporting
Information S1.

Stream metabolism is typically measured using a one-station approach (Odum, 1956), but this method integrates
over the entire upstream length required for reaeration to attenuate a diel signal (Chapra & Di Toro, 1991; Hensley
& Cohen, 2016). This length (~3*v/k) is much longer than that of our study reaches (Table S3 in Supporting
Information S1). To estimate metabolism occurring within the same reach area as Uygr, we estimated areal net
ecosystem production (NEP) using a two-station method. NEP was calculated from the mass-balance equation,
which included measured DO concentrations and a reaeration term based on the Demars et al. (2011) method:

o 7 [DO] T -0 7 [DO] 7 — kQ([DOlues:
DS t+— DS t+— USt—— USjt——
2 2 2 ()

NEP, = X L

where k denotes the reaeration coefficient that is determined by the energy dissipation model (Tsivoglou &
Neal, 1976) considering impacts of discharge and slope. [DO]q.s denotes the difference between saturation DO
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@ o B D = e @ @ o concentration and observed DO concentration over the entire reach (i.e., mean
S A D v = S I o~ =
R3S © 3 & 3 3 = S g of [DO]y g,z and [ DO] ).
S US.t DS+
|+ +H +H +H +H H H H @2 = =[S 2 2
=i = w = 2| B . . .. . . . .
§ I e8I H - S~ 2 Nighttime ecosystem respiration (ER) is equivalent to nighttime NEP, assum-
O —~ O «© O A =] . . . . .
“, - = g ing no primary production occurs at night. Daytime ER was calculated from
g - @ ® ® < = W g £ mean nighttime NEP, and thus GPP was calculated as the sum of NEP and ER
£ SSs 323393 £ during the daytime (Bott, 2007; Roberts et al., 2007). Assuming that net primary
(S el = . .
é ; u‘;l £ g; :!I .j;l :l g S = e production (NPP) equals half of GPP (Odum, 1957) and net photosynthetic
SIS © — o ~ % § < g quotient as one (i.e., 1 mol O, release with 1 mol CO, consumption), areal auto-
- S trophic assimilation uptake (U ) was estimated from NPP and the stoichiometric
p p
- =T =283F 8832 _f C:N molar ratios of biofilm, which have been measured in each reach (Junge
5|l =3 s s 3 & 3 = . . ) . o
I+ H 5 4 H 4+ 44 g2 et al., 2005; Kamjunke et al., 2015) (Equation 3). The St(?lCthI‘netI‘lC CN 1?101ar
§ S dE L2883 s A S | g ratios used were 7 and 9 for May and September in Weifle Elster, respectively,
= =T e % and 9.4 for the Bode. After subtracting the inferred U4 from Ungr, we inter-
) g
§ e O N § preted the remaining part as heterotrophic uptake Up, which reflects the inverse
O S N N O 5 \© = . C e . e . .
S | $ S 222832 % S8 - =l & S heterotrophic uptake (dissimilation via denitrification and heterotrophic assim-
§ A g :,l l,tl (tl :;' il ;l ;l ;I ~ S o & ilation) and release (e.g., nitrification and remineralization) processes (Equa-
e e o = — ® Y i 2 . . .. . .
= V=2 S = 6 a = » ° 2 tion 4). Positive and negative Up indicated the dominance of heterotrophic net
s N o~ g g
N = NO,™-N uptake and net NO,~-N release, respectively.
5 =5 88338 ¢ ¢C S ;
g 8|S s S s s S a s
g QN BT T R R - - Uy, = __GPR 3)
% = % lalial [[: = 8 : o) S ~ i ’ 457xC : N
s Nl &8 = 6 & 0 O o 7
3 — © ..
= g Ups = Unerr — Uay “4)
S 22858329 3
§ g T T IS S 3T T gl Because the original high-frequency measurements fluctuated greatly, we
kS § A8 ax2g 2 c - g aggregated all data to hourly means for further analysis after all calculations.
§ = - - =R« '-g All calculations and statistical analyses (e.g., the ANOVA test) were performed
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< 5 i .. C . .
9 oA U U L A 5 = &E £ reaches. Water pH and specific conductivity were significantly higher in WE_2
%; S S °:° o ; > 2 5 o = : than in WE_1, and were significantly higher in September than in May for each
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& E ~ £ 8 PP
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® . = L5 2 4 =|| & Water parameters had similar seasonal patterns during the five campaigns
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R 5| o = ) 2 2 oo | os conducted over 3 years in the upper two reaches of the Bode River (BD_1 and
o = g w o ®» E S g S w Z M pp
% $ g E ¢ E o 'g o @ = = & % £ z BD_2). Discharge and associated turbidity decreased from June to August as the
A B 2 A8 E a8 & n8EY watershed continuously became dryer (Figure S1 in Supporting Information S1).
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gzrl:llrfst of Daily Mean Whole-Stream Metabolism and In-Stream N-Uptake Processes
WE_1 WE_2 BD_1 BD_2 BD_3

Processes Units 2019-05  2019-09  2019-05 2019-09 2019-06  2020-08 2019-06 2020-08 2021-07 2019-08 2020-08
GPP g0, m=2d-! 2.7 1.7 2.8 2:2 0.8 0.7 1.6 1.1 1.8 4.1 4.6
ER g0, m2d"! -1.6 -25 -12 -3.6 -33 -1.6 =37 -2.0 -25 -23 -32
(— mg Nm=2d-! —-151.1 -30.5 319.6 33.7 —100.8 —61.2 357.8 53.6 130.9 133.7 86.8
U, mgNm=2d! 83.9 41.1 86.4 53.0 18.6 16.4 37.1 24.7 40.9 95.2 106.1
U, mg N m=2d-! —-235.0 -71.5 2332 -19.3 -119.4 =77.6 320.7 28.8 90.0 38.5 -19.3

NO,~-N concentrations decreased slightly from June (>1.60 mg L~!) to August (<1.34 mg L-!). Water temper-
ature was similar during all campaigns (17.0-21.7°C). DO concentrations and saturation percentages were also
similar, except for campaign 2020-08 BD_2, which had significantly lower values (ANOVA test, p < 0.05). The
pH was higher in June than in August. Conversely, Chl-a was significantly lower in June than in August (means
of 2.15 and 2.85 pg L~!; ANOVA test, p < 0.05), except for the much lower concentrations (<1.6 pg L~!) during
campaign 2021-07 BD_2.

The behavior of the downstream reach of the Bode River (BD_3) varied due to inputs from the upstream conflu-
ences of the Holtemme River and the lowland tributary Grofer Graben (Figure 1), which are impacted greatly
by urban wastewater and intensive lowland agriculture, respectively. Both campaigns were conducted in August,
with similar environmental conditions for 0, NO,;™-N concentration, DO concentration and pH. However, water
temperature and Chl-a concentration during the campaign in 2020 (16.18-17.03°C and 2.57 pg L™, respectively)
were much lower than those in 2019 (17.49-20.04 and 4.46 pg L=, respectively).

3.2. Whole-Stream Metabolism and NO,~-N Uptake Processes Across Reaches

Among all 11 campaigns, GPP showed consistent diel patterns, but with large variations across campaigns
(Table 3; Figure 2). For the two reaches in the Weife Elster (WE_1 and WE_2), GPP in May was significantly
higher than that in September, whereas the absolute value of ER was significantly lower (ANOVA test, p < 0.05).
For the middle Bode reach BD_1, GPP was similar during the campaigns in June 2019 and August 2020 (ca. 0.7 g
0, m~2d~1), while the absolute ER of the former was twice as high as that of the latter (3.3 vs. 1.6 g O, m~2d~}).
In BD_2, mean GPP was the lowest in August 2020 and was similar in June 2019 and July 2021 (1.1-1.8 g O,
m~2 d~!). Mean ER was also the lowest in August 2020 and the highest in June 2019 (2.0-3.7 g O, m~2 d~!). For
the most downstream reach (BD_3), the GPP of the two August campaigns in 2019 and 2020 was similar and
among the highest of all campaigns.

Patterns of NO,™-N concentrations and net NO,™-N uptake (Uner) in the 11 campaigns differed significantly
across reaches, as well as among campaigns in the same reach (Table 3; Figure 3). In the Weife Elster River,
mean autotrophic assimilation uptake (U4) in May was higher than that in September in both reaches. Reach
WE_2 showed continuously positive Uygr during both campaigns, but only the campaign in May 2019 showed
positive Up. In the Bode River, the two campaigns in BD_1 showed negative Ungr. In BD_2, the campaigns in
June 2019 and July 2021 showed continuously positive Uygr, while in August 2020, Uyer was lowest and nega-
tive for several mid-day hours (with mean value of 53.6 mg N m~2 d~!). In the most downstream reach (BD_3),
continuously positive Uygr was observed during the two August campaigns; however, only the campaign in 2019
had positive Up.

3.3. NO;-N Uptake Pathways and Their Diel Variations

The mass-balance based Uyer were partitioned into U4 and Up at the sub-daily scale (Figure 4). Except for
campaigns in WE_1 and BD_1, most campaigns exhibited Ungr > 0 (i.e., net NO,™-N uptake), while their net
uptake rates varied greatly (the daily mean Ungr ranged from 33.7 mg N m~2 d~! during the 2019-09 WE_2
campaign to 357.8 mg N m~2 d~! during the 2019-06 BD_2 campaign). In general, the net uptake was the highest
in May-June post-wet season campaigns (Figures 4c and 4i), with generally much lower values in July-August

ZHANG ET AL.

7of 17

2SUQDIT suoWWo)) dAneaI) d[qesrjdde ay) £q pauIoAos are sa[onIe YO osn Jo sa[ni 10j K1eiqi suljuQ A3[IA\ UO (SUONIPUOI-PUE-SULI)/ W00 Ad[ 1M ATRIqI[ouT[uo//:sd)y) suonipuo) pue suua ], oy 238 ‘[£707/€0/91] uo Areiqry autuQ A[IM ‘62EZE0UMTT0T/6Z01 01/10p/wod Kapim Kreiqrjaurjuo sqndnSey/:sdny woiy papeojumod ‘€ ‘€70 ‘SLOLYY61



Water Resources Research 10.1029/2022WR 032329

Units of y-axis: DO (mg L™"), GPP (g O, m2h™)
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Figure 2. Time series of dissolved oxygen concentrations (mg L~!, the upper panel of each subplot) at the upstream (US) and downstream (DS) stations, and the
two-station based gross primary production (GPP, g O, m=2 h!, the lower panel of each subplot) for each of all campaigns at reaches WE_1 (a) and (b), WE_2 (c) and
(d), BD_1 (e) and (f), BD_3 (g) and (h) and BD_2 (i)—(k).

campaigns (Figures 4g, 4j and 4k) and the lowest in late August and September dry season campaigns (Figures 4d
and 4h). Moreover, Ungr was dominated mainly by Up rather than U4 during the post-wet seasons, with Up
accounting for 90% and 73% of Uygr throughout the 2019-06 BD_2 and 2019-05 WE_2 campaigns, respectively.
Interestingly, for the three campaigns in BD_2, Uygr decreased substantially from June to August, associ-
ated with decreasing Up uptake (mostly >0) proportions and increasing U4 proportions (Figures 4i—4k). The
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Units of y-axis: NO;-N (mg L™"), Uyer (mgNm2h™)
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Figure 3. Time series of the measured NO,™-N concentrations (mg L~!, the upper panel of each subplot) at the upstream station and downstream stations and the
two-station based areal net NO,~-N uptake (Ungr, mg N m=2h~!, the lower panel of each subplot) for each of all campaigns at reaches WE_1 (a) and (b), WE_2 (c) and
(d), BD_1 (e) and (f), BD_3 (g) and (h) and BD_2 (i)—(k).

absolute uptake rates of U, were similar, while Uyer was significantly lower in July and August (i.e., 53.6 and
130.9 mg N m~2 d~!, respectively), resulting in dramatical decreases of Up uptake rates, with even few negative
values occurred during the mid-day hours in August (indicating net N release). Such decreased U)p and its further
diurnal shift between uptake and release (Up cross zero) were ubiquitously observed in our campaigns that have
been conducted in dry seasons (see most of August and September campaigns in Figure 4).
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Figure 4. Sub-daily time series of the disentangled NO,™-N uptake pathways in all 11 campaigns. The overall net NO,-N
uptake (Ungr) rates were partitioned into autotrophic assimilation uptake (U, green colored area) and heterotrophic uptake
(Up, brown colored area). Note that negative Uygr indicates net NO,™-N release within the monitored reach, and negative Up
represents.

The four campaigns conducted in WE_1 and BD_1 reaches (Figures 4a—b and 4e—f, respectively) showed ubiq-
uitous negative Ungr (i.e., net NO,™-N release), and the releasing rate of campaigns during post-wet seasons was
generally higher than that of campaigns during dry seasons for the same reach.

In addition to the seasonal and cross-reach variations, Ungr also showed various diel patterns across campaigns.
For instance, during the daytime, Uygr decreased to its diurnal minima in campaigns 2019-05 WE_2 and 2021-07
BD_2 (Figures 4c and 4k) while increasing to diurnal maxima during the 2019-08 BD_3 campaign (Figure 4g).
For campaigns with Ungr < 0, the net NO,~-N release also varied diurnally, likely increasing during the daytime
(e.g., Figures 4a and 4e).
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Figure 5. Diel patterns of the subtracted Up. The rescaled Up in y-axes were calculated as hourly Up divided by the mean values in each day. Note that here we only
showed campaigns exhibiting consistent heterotrophic uptake Up > 0 (a) or release Up < 0 (b).

As the remaining part of subtracting U, from Uner, Up exhibited distinct diel signals (Figure 5). For campaigns
with consistent Up > 0 in Figure 5a, the heterotrophic NO,™-N uptake exhibited an obvious decreasing diel
pattern (i.e., the minima occurred during the daytime) because Ungr did not increase equally with the increases of
U, and sometimes even decreased significantly. In contrast, for campaigns with consistent Up < 0 in Figure 5b,
the nitrification N release increased during the daytime, accompanied by the higher day-time net release (i.e.,
higher values of |Ungr| shown in Figure 4). Interestingly, despite the large variability of Up, the relative degrees
of its diel variations (i.e., hourly Up rescaled by the mean of each day) were largely consistent within a campaign
duration (Figure 5), and similar across reaches (e.g., campaigns 2019-08 WE_2 and 2021-07 BD_2) and seasons
(e.g., the June and August campaigns in BD_1). Also, it is worth noting that such diel variations could be largely
masked when net uptake rates were very high (e.g., up to ca. 357 mg N m~2 d~! in campaign 2019-06 BD_2,
right after a moderate flow event, Figure S2 in Supporting Information S1) or be affected by dramatic changes
of stream environments (e.g., water temperature decreased by 2°C and specific conductivity increased by 100 pS
cm~! during the second day of campaign 2019-05 WE_1, Figure S5a in Supporting Information S1).

4. Discussion
4.1. Stream Metabolism and the Informed Autotrophic N Assimilation

During the 11 campaigns, DO concentrations showed clear diel patterns that generally peaked near midday.
At the downstream station of reaches BD_1 and BD_3, DO peaked near midnight, with a consistent time lag
compared to the upstream DO peaks (Figure 2). Artificial channel weirs were located ca. 700 m downstream
of both downstream stations, which might have induced impoundment effects that slowed the flow velocity and
decreased the reaeration rate (Churchill et al., 1964) (see also Table 2). GPP can be higher in the afternoon than
in the morning with similar radiation due to higher temperatures at the cellular level (Beaulieu et al., 2013) or
changes in the influence of riparian vegetation shading due to channel orientation (azimuth) (Julian et al., 2008).
Moreover, in high-order reaches, complex hydraulic characteristics (e.g., dispersion and transient storage) and
their impacts on transport and distortion of DO signals can affect direct inferences of stream metabolism even
when using the two-station method (Hensley & Cohen, 2016). Future research could be oriented to further inte-
grate high-frequency data analysis with hydraulic simulations.

Estimates of GPP varied greatly among the 11 campaigns (ranged between 0.7 and 4.6 g O, m~2 d~!, Table 3),
primarily due to combined effects of multiple environmental controls (e.g., varying radiation across seasons
and varying riparian shading across different reaches). Based on the stoichiometric conversion (Equation 3),
this directly generated the high variability of inferred NO,~-N uptake by autotrophic assimilation (U,) among
our campaigns (ranged between 16.4 and 106.1 mg N m~2 d~!). Although widely applied in literature, such
stoichiometric relationships need to be cautiously verified for specific sites, especially at sub-daily time scales.
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We obtained C:N molar ratios from local biofilm measurements (Junge et al., 2005; Kamjunke et al., 2015).
The derived 42.9 g O, per g N assimilation in the Bode River (4.57 X 9.4 in Equation 3) was comparable with
regression slopes of 38.8 and 36.6 at the Hausneindorf site (8 km south of the BD_1) where U, was directly
inferred from diel amplitudes of NO,~-N concentrations during low-flows (see Rode, Halbedel Née Angelstein
et al. (2016) and Yang et al. (2019)).

4.2. Nitrate Transport and Uptake Processes

Unlike the consistent diel patterns of DO, NO,~-N concentrations varied greatly among campaigns. The expected
diel pattern of NO,~-N concentrations decreases to minima during the daytime due to assimilation uptake U
(Heffernan & Cohen, 2010; Rode, Halbedel Née Angelstein et al., 2016) was rarely observed at individual
stations. Compared to upstream perturbations of gaseous-based DO (e.g., variable tributaries and effluents),
those of non-gaseous NO,~ signals persist much longer due to the lack of atmospheric equilibration, which
obscures the diel uptake signals using one-station inferences (Hensley & Cohen, 2016). This agrees with previous
one-station-based studies that observed clear diel signals mostly under steady upstream input (e.g., in spring-
fed rivers (Heffernan & Cohen, 2010)) or during low-flow summer periods (Rode, Halbedel Née Angelstein
et al., 2016). Such methodological limitations can be largely relaxed using the two-station method, such as the
present study, to extract diel patterns of in-stream NO,™-N uptake from the change between upstream and down-
stream NO,™-N signals.

Our estimates of NO,™-N uptake based on two-station measurements showed high spatiotemporal variability.
One reason could be differing degrees of hydro-biochemical connectivity between river channels and off-channel
storage zones. Flow pathways from different sub-ecosystem compartments converge along the river network. The
varying residence times, contacting volumes, and stream substrates also create spatial and temporal variations
in biogeochemical reactions (Anlanger et al., 2021; Harvey et al., 2019). Net NO,™-N uptake (Uner) during the
2019-05 WE_2 campaign was among the highest, potential because this was a more natural stream reach and
occurred right after the annual wet season (Figure 1; Table 1). It is widely reported that more natural stream
reaches can retain more nutrients than highly modified reaches (Hall et al., 2009; Hester et al., 2018; Sweeney
et al., 2004). Moreover, other compartments (e.g., adjacent riparian corridors, floodplains, the hyporheic zone)
could be more active along natural reaches, which could be important N sinks involving high rates of assimila-
tion (by both autotrophs and heterotrophs) and dissimilation (e.g., denitrification) uptake (Helton et al., 2011;
Mulholland et al., 2008). Notably, the heterotrophic uptake (Up) pathway represented ca. 73% of Uner during this
campaign, indicating that heterotrophic uptake processes (including assimilation by heterotrophs and dissimila-
tion via denitrification) were active during the post-wet seasons (May-June). This phenomenon was clear when
comparing June 2019 and July 2021 campaigns to reach BD_2 (Up accounted for 90% and 69% of total uptake,
respectively, Figures 4i and 4k), in which the former was conducted immediately after a high-flow event receded
(Figure S2b in Supporting Information S1). High discharge during the wet season can deliver large amounts of
fresh organic matter to river networks, especially the labile fraction, which can greatly increase biogeochemical
activity (Fellman et al., 2009; Tesi et al., 2008), and denitrification can be promoted by vertical turbulent mixing
of hyporheic sediments (Harvey et al., 2019). Moreover, mean Chl-a concentration increased greatly from 15
April (5.67 pg L") to the beginning of July 2019 (9.85 pg L) (see Figure S10 in Supporting Information S1
for long-term in-situ monitoring data at station GGL (52°00'03" N, 11°21'21" E) close to the upstream site of
BD_3). Increasing stream water temperature was unlikely to be responsible for such uptake variations since it
was already >10°C in late spring and early summer (data from station GGL), and the temperature during all
campaigns (Table 2) was likely sufficient to ensure active biogeochemical reactions (Dawson & Murphy, 1972).

Estimating complex lateral subsurface seepage into rivers is challenging, especially in flat-topographic lowland
regions with heavily human-altered landscapes. Despite the considerations taken in our study design, unac-
counted lateral inflows may influence our uptake estimates. In the case of BD_1 reach, for instance, estimates of
Uner were consistently negative (Figures 4e and 4f). We note that (a) the DEM-derived drainage network diverts
largely from the artificially modified channels in the lower part of the sub-catchment (Figure S3 in Supporting
Information S1) and (b) the steep gradients of the groundwater table suggest complex groundwater dynamics
(data from LHW groundwater wells, Figure S4 in Supporting Information S1). Nevertheless, there remain several
ways of detecting the potential impacts of such lateral inputs. Changes in specific conductivity along the reach
can indicate additional water sources other than upstream inputs. For instance, the consistently higher values at
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the downstream station than the upstream station of BD_1 (Figure S7 in Supporting Information S1) directly
supported the inference of substantial unaccounted-for lateral inflows from groundwater seepage along the BD_1
reach. The two WE reaches, in contrast, showed marginal differences in specific conductivity between upstream
and downstream stations, confirming that lateral inflows had negligible influence on mass balance calculations.

Given the well-recognized retentive capacity of streams, the negative values of Ungr in particular, need to be criti-
cally interpreted. On the one hand, the higher downstream N loads might result from underestimated lateral inputs.
This would be particularly the case for reaches exhibiting consistent negative values (e.g., the above discussed BD_1
reach). On the other hand, the negative values could be caused by actual NO,™ release from stream organic storage
with short turnover times (e.g., re-mineralization and nitrification). These transformations depend greatly on NH,*
concentration, substrate types, and organic carbon (Bernhardt et al., 2002; Day & Hall, 2017; Kemp & Dodds, 2002).
Any production of NO,~ by nitrification would offset decreases in NO,~ concentrations from uptake, resulting in
a decrease in Ungr or even a negative value in cases where the former is larger than the latter (Jarvie et al., 2018).

4.3. Heterogeneous Diel Variations in Nitrate Uptake Pathways

We estimated autotrophic uptake (U ») from the GPP signal assuming a constant stoichiometric C:N ratio. Because
of this, both the timing and magnitude of U 4 is directly coupled with GPP. GPP always had a strong diel pattern (i.e.,
diel maxima during the daytime) during all campaigns (Figure 4) over a variety of radiation and riparian-shading
conditions. While the temporal and stoichiometric coupling of autotrophic uptake with primary production is
often assumed, it has been called into question by Appling and Heffernan (2014) and confirmed by Chamberlin
et al. (2019). They suggest that de-coupling can occur at low nutrient concentrations, however, this is not the case
in any of our study reaches. Moreover, we tested scenarios of U4 lagging 1-3 hr after GPP and observed that diel
minima/maxima of the net uptake (Ungr) were indeed delaying GPP maxima for some campaigns (e.g., 2019-08
BD_3 and 2021-07 BD_2, see details in Movie S1). We note that (a) the exact lag times were difficult to determine
(not consistent across the 11 campaigns) and (b) the disentangled NO,~-N uptake pathways and their temporal
variability were not substantially altered in our time-lag scenario analysis. Of course, we note that this physiolog-
ical time lag should be further evaluated, especially for studies focusing on the timing of diel signals.

The reasons for the inferred diel pattern in Up are likely complex, involving the counterbalance of the inverse
processes of heterotrophic NO,™-N uptake and NO,™-N release. For campaigns with consistent Uyer > 0, the
decreasing diel signals (i.e., diel minima during the daytime) of Up could have largely resulted from simply subtract-
ing U4. However, the directly measured Uygr often exhibited obvious and extensive decreasing during the daytime
(e.g., the majority of dates during campaigns 2019-05 WE_2 and 2021-07 BD_2, Figures 4c and 4k, respectively).
As U, is normally expected to increase during the day, this provided direct evidence that the heterotrophic NO,~-N
uptake processes (for cases of Up > 0, Figure 5a) were very likely decreasing during the daytime and contrib-
uting to diel variation in NO,™-N concentration. These diel patterns in Up are often overlooked in reach-scale
nutrient-removal studies, where diel variations in nutrient concentrations are assumed to result from U 4 (Heffernan
& Cohen, 2010) or from diurnal variation in lateral inflows (Hensley et al., 2015). Denitrification can become the
dominant process in total NO,™-N uptake as evidenced by measuring isotopes (Cohen et al., 2012). Experimental
evidence has revealed that the denitrification rate can decrease at sunrise in the water column and sediment using an
open-channel N, method (Reisinger et al., 2016); denitrification rates show large diel variations related to temper-
ature in the hyporheic zone, as simulated by a physical model (Zheng & Bayani Cardenas, 2018). In addition,
the decreasing U)p diel pattern (Figure 5a) could be influenced by the increase of DO during the daytime, since
DO usually inhibits denitrification but stimulates nitrification, both having the same net effect on the decrease in
NO,™-N removal. Besides the influence of DO, the diel pattern could also have resulted from N fixation that can
balance heterotrophic assimilation (Welsh et al., 2000), resulting in an overall decreasing pattern during the daytime.
Although uncertainty may embed in cases with Uyer < 0 (and consequently Up < 0, Figure 5b), the diel pattern with
maxima occurring during the daytime agreed well with the inferred N releasing processes (e.g., nitrification), which
may be promoted by increasing DO and water temperature during the daytime (Gammons et al., 2011).

4.4. Further Perspectives of In-Stream Process Monitoring and Network Modeling

Benefiting from the flexibility of high-frequency, sensor-based monitoring, this study extended the two-station
method of inferring in-stream NO,~-N processes to higher-order reaches under varying environmental conditions.
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Combining direct measurements of stream metabolism and NO,™-N mass balance allowed for disentangling
various NO,™-N uptake pathways and further investigating their spatiotemporal variability. In addition to the
well-explored autotrophic assimilation U, and the more intuitive component of Uygr, one of the major novelties
of this study was to quantitatively infer the reach-scale Up, which represents the net balance of inverse heter-
otrophic NO,™-N uptake (i.e., denitrification and heterotrophic assimilation) and NO,™-N release (i.e., nitrifi-
cation/mineralization). Direct reach-scale measuring of Up remains challenging, given its high spatiotemporal
variability and diel variations at a sub-daily scale as indicated in this study. Further quantifying these multiple
overlapping processes would require combining different kinds of measurements and model-based estimates. For
example, isotopes can be added to further disentangle denitrification and provide information on spatial stream
heterogeneity (Bohlke et al., 2004; Mulholland et al., 2008). Further information on in-stream biogeochemi-
cal processes, that is not measured but informative, can be derived from model-based estimates (e.g., Jarvie
et al., 2018 obtained continuous estimates of dissolved inorganic carbon and CO, release from the THINCARB
model to support the inferred change in rates of microbial respiration).

This complexity of in-stream NO,™-N processing has created challenges for network-scale modeling, as well
as for catchment modeling that further involves terrestrial processes. Reach-scale monitoring and analysis,
like this study, are able to provide pathway-specific quantifications (e.g., heterotrophic uptake Up can reach
up to 230-320 mg N m~2 d~!, Table 3), which are still rare at larger scales. Such quantitative information can,
at least, serve as invaluable reference values for verifying model estimates, which often employ highly simpli-
fied conceptualization and rely on model parameterization. By cross-comparing such information obtained
under various conditions (different seasons and streams), insights into environmental controls on in-stream
processes can be used to further derive new approaches of process regionalization, refining current models
based largely on assumptions of first-order kinetics. For example, the parsimonious approach of quantify-
ing autotrophic NO,™-N uptake by Yang et al. (2019) was derived from the contrasting seasonal patterns of
GPP-related NO;~-N uptake in open- and closed-canopy reaches, and further upscaled to the river-network
scale.

5. Conclusion

High-frequency multi-parameter sensors have great potential to quantify reach-scale in-stream net NO,~ uptake
and to conduct detailed investigations of in-stream metabolism and coupled NO,~ cycling pathways. The
high-frequency data allowed us to calculate different uptake pathways at hourly time steps and to explore diel
variations in these NO,~-N uptake pathways. The mass-balance based rates of net NO,~-N uptake varied season-
ally and across stream conditions, and were highest in the more natural reach and during the post-wet seasons
(May-June). Compared to assimilatory uptake (U,), heterotrophic uptake (Up) likely dominated net NO,~-N
uptake during the post-wet seasons, but its proportion largely decreased during the dry season (August-September),
often becoming negative (indicating net NO,~-N release). The inferred Up also exhibited substantial diel patterns;
if Uy is strictly coupled with GPP as is commonly assumed and yet no diurnal Ungr the signal is present, it
suggests that Up must decrease during the daytime, which has long been overlooked in previous studies. Overall,
our approach and findings can provide new insights into heterogeneous dynamics of in-stream NO,~ retention
processes at larger scales.

Data Availability Statement

The high-frequency monitoring data used are available at Zhang et al. (2022) via https://doi.org/10.48758/
ufz.12911. The CORINE (2018) data used for identifying landscape type are available at the Federal Agency
for Cartography and Geodesy (BKG) (https://gdz.bkg.bund.de/index.php/default/corine-land-cover-5-ha-stand-
2018-clc5-2018.html). The discharge, groundwater, and river morphology data are available at the data portal
(Datenportal) of the State Agency for Flood Protection and Water Management of Saxony Anhalt, Germany
(LHW, 2022) (https://gld.]Thw-sachsen-anhalt.de/).
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