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Abstract In‐stream biogeochemical processing, typically associated with base flow conditions, has recently
been assessed at higher discharges, aided by high frequency monitoring. However, the potential for nutrient and
carbon processing is still largely unknown in streams impacted by agriculture, representing major pathways for
eutrophication and diffuse pollution. In this study, we measured solute concentrations and gross primary
productivity (GPP) and ecosystem respiration (ER) to infer nitrate (NO3

− ) and dissolved organic carbon (DOC)
supply and demand across contrasting hydrological conditions. As expected, solute supply greatly surpassed in‐
stream biological demand for both NO3

− and DOC for intermediate to large discharges. However, during four
consecutive weeks in summer, lowered NO3

− supply and high metabolic activity led to a 60% and 31%
reduction in stream NO3

− and DOC export. We also compared metabolism‐discharge versus solute
concentration‐discharge patterns during storm events to better understand biogeochemical responses to high
flows. Metabolic rates showed a contrasting response to storm events: ER increased while GPP decreased
following declines in NO3

− concentrations. The positive correlation between GPP and NO3
− concentrations

suggests that GPP suppression can be partially attributed to decreased NO3
− availability during storm events.

This study supports the idea that agricultural streams have a limited capacity to biologically process DOC and
NO3

− . However, it also emphasizes that the balance between supply and demand can vary from severe
saturation to limitation, depending on seasonal fluctuations in discharge and metabolic activity, highlighting the
crucial role of mitigating pollution at its source during hydrologically active periods to improve water quality.

Plain Language Summary To understand the overall capacity for water‐living organisms to reduce
downstream export of pollutants (i.e., nitrogen and carbon), it is necessary to measure biological uptake rates
(demand) together with pollutant loads (supply) across seasons and varying stream flow. However, the role of
biological nitrogen and carbon processing has been less explored in streams impacted by high nutrient inputs
from agriculture, especially during higher flows. Based on 2‐year monitoring of an agricultural stream, we argue
that biological demand plays only a minor and temporary role for reducing nitrogen and carbon exports in these
systems, which occurred only during summer when stream flow decreased and biological activity peaked.
Although storm events occurred in periods with overall low biological activity, stormflow peaks consistently
increased productivity of in‐stream bacteria and invertebrates, but decreased productivity of plants and algae.
This study supports the idea that biological organisms in agricultural streams have a limited capacity to reduce
nitrogen and carbon exports. However, it also shows that biological nitrogen availability can vary from severe
saturation to limitation, depending on seasonal differences in stream flow and biological activity.

1. Introduction
Headwater streams represent the primary link between terrestrial and aquatic environments and are therefore
pivotal for regulating export of water, matter and energy to and within river networks (Alexander et al., 2007;
Dodds & Oakes, 2008). A growing body of research has identified the central role of in‐stream biogeochemical
processing in transforming and retaining biogenic solutes such as nitrate (NO3

− ) and dissolved organic carbon
(DOC), which can impact solute export at the entire stream network scale (Raymond et al., 2016; Seybold &
McGlynn, 2018; Wollheim et al., 2018). However, drivers underpinning in‐stream biogeochemical processing are
highly variable across biomes and hydrological conditions (Bernhardt et al., 2022) and are further complicated by
anthropogenic disturbances such as agricultural land uses (Abbott et al., 2018; Royer et al., 2006). Streams
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draining agricultural landscapes often show low water residence times induced by channel modification, and are
recipients of high NO3

− and bioavailable DOC inputs from agricultural soils. Yet, our current understanding of
the role of in‐stream biogeochemical processing in regulating solute exports stems primarily from studies using
constant‐rate solute experimental additions (Ensign & Doyle, 2006; Mineau et al., 2016; Peterson et al., 2001;
Tank et al., 2018). These methods are generally constrained to base flow conditions (Workshop, 1990), which
prevents the assessment of in‐stream biogeochemical processing during higher discharges and their implications
on annual export budgets. Further, estimation of in‐stream nutrient uptake using experimental additions is only
possible in streams with low nutrient concentrations (Covino et al., 2018), excluding agricultural streams char-
acterized by consistent NO3

− saturation. Recent developments in sensor technology (Almeida et al., 2014;
Bieroza et al., 2023) and stream metabolic modeling from diel variation in dissolved oxygen (O2) concentrations
(Appling et al., 2018) have enabled comparisons of solute inputs (supply) and metabolic solute processing
(demand) across different discharges, either by mass balance approach (Bernal et al., 2019; Jarvie, Sharpley,
et al., 2018) or by applying stoichiometric principles (Bertuzzo et al., 2022; O’Donnell & Hotchkiss, 2022;
Trentman et al., 2022).

In theory, in‐stream demand for bioreactive solutes is predicted to increase with supply up to moderate‐magnitude
storm events (Wollheim et al., 2018). Thus, streams could reduce downstream nutrient and DOC exports across a
range of flows, wider than initially assumed. Increased in‐stream biogeochemical processing during storms has
been observed in semi‐natural streams for NO3

− and to some extent for DOC, demonstrating the key role of solute
supply on stream biological demand (Bernal et al., 2019; Demars, 2019; Seybold &McGlynn, 2018). In nutrient‐
enriched agricultural streams, the contribution of in‐stream biogeochemical processing to reduction in solute
export during low‐to intermediate‐flow conditions could be even higher because metabolic rates often exceed
those measured in nutrient‐poor, low impacted streams (Bernot et al., 2010; Burrell et al., 2014). This applies in
particular during biologically active periods when high temperature and open riparian canopies favor both gross
primary productivity (GPP) and ecosystem respiration (ER). The potential for biogeochemical processing during
higher discharges can be further enhanced by stream remediation, for example, by introducing floodplains in
agricultural streams. When storm events occur during growing seasons, it has been shown that floodplain
vegetation can support higher reach‐scale GPP rates and associated photoautotrophic NO3

− uptake (Roley
et al., 2014). Concerning DOC inputs, agricultural streams often receive more bioavailable fractions derived from
the microbial alteration of organic matter processing in agricultural soils (Arango et al., 2008; Bernot et al., 2006;
Graeber et al., 2015), which can reduce energy costs for heterotrophic metabolism and thereby enhance stream ER
(Fuß et al., 2017). However, the greater demand for NO3

− and DOC in agricultural streams could be balanced out
by the higher supply of these solutes, which consistently surpasses that of pristine systems. As such, our un-
derstanding of in‐stream NO3

− and DOC processing with varying hydrological conditions, and its consequences
for solute exports, remain limited in agricultural streams (Hill, 2023; Plont et al., 2020). Recent studies that
investigate metabolic responses to storm events in nutrient‐enriched streams show mixed patterns with both
stimulation and suppression in GPP and ER, respectively, exposing significant knowledge gaps concerning
underlying drivers (O’Donnell & Hotchkiss, 2022; Trentman et al., 2022). To improve our understanding of the
overall impact of agricultural land use on the capacity of streams to regulate downstream solute exports, it is
necessary to integrate both solute supply and in‐stream biological demand across varying discharges and seasons.

The overall aim of this study was to quantify stream metabolic rates, the associated demand of NO3
− and DOC,

and the supply of these solutes across varying flow conditions, in an agricultural stream with floodplains and
riparian canopy. Moreover, we explored the responses to discharge of both metabolic rates and solute concen-
trations to better understand changes in supply sources and in‐stream demand during storm events. Stream
metabolic rates and solute demand were estimated by combining diel O2 time series at the catchment outlet and
open‐channel modeling with simple stoichiometric principles, while solute supply was estimated from high‐
frequency sensor monitoring. During the monitoring period (23 months), 21 storm events of different magni-
tude and duration were identified, allowing for analysis of the response in metabolic rates and solute concen-
trations to a wide range of discharges. The experimental setting enabled us to address the following questions:

1. What is the biological demand associated with stream metabolic activity across seasons and hydrological
conditions in an agricultural stream?

2. Under what environmental conditions can biological demand of NO3
− and DOC effectively regulate solute

downstream export?
3. Are responses in metabolic rates and solute concentrations coupled during storm events?
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We expected solute supply to exert a dominant control on downstream export of NO3
− and DOC across varying

discharges and different seasons, overwhelming the metabolically derived biological processing of these solutes.
Moreover, photoautotrophic NO3

− uptake was predicted to be suppressed by the closed riparian canopy during
the growing season and stimulated upon floodplain inundation during higher flows. In contrast, we expected DOC
depletion during the growing season when high ER may increase DOC demand.

2. Materials and Methods
2.1. Study Area

Tullstorpsån is a second order stream with low channel slope (0.05%) that drains an agricultural headwater
catchment in South Sweden (55.4°N, 13.4°E). The study reach (1.7 km) is delineated by stage and discharge
monitoring stations at and up‐ and downstream, together with a water chemistry monitoring station at downstream
(Figure 1). The Tullstorpsån catchment is dominated by limestone bedrock, overlain by quaternary sediments
with 20–40 m depth and loam top soils. Land use is dominated by tile‐drained arable agricultural land (81%),
consisting of winter‐sown cereal crops and temporary ley grass cultivation. Throughout the catchment, the main
stem of the stream has been subjected to successive restoration measures by local stakeholders (Hedin & Kivi-
vuori, 2015), including channel re‐meandering (established in 2009 and 2014) and construction of floodplains
(established in 2014). In conjunction, riparian vegetation with shrubs and trees were introduced and currently
cover >60% of the study reach (Figure 1). A previous macrophyte survey from August 2021 in the study showed
an almost 100% cover by Typha and Epilobium species (Hallberg et al., 2022). Thus, light conditions are impacted
both by macrophytes and riparian canopy.

Figure 1. Location of the study catchment and satellite image of land adjacent to the mean oxygen (O2) turnover reach (red
line) and study reach (purple line). Water stage was monitored at endpoints of the study reach (yellow lines) and water
chemistry, including dissolved O2 for metabolism calculations, at the catchment outlet (blue circle). Satellite images:
Google, ©2024 Maxar Technologies. Land use maps: ©Lantmäteriet.
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2.2. Data Collection and Processing

Water chemistry monitoring at the study reach consisted of high‐frequency measurements of dissolved O2 and
NO3

− ‐N concentrations, fluorescence emission intensity measured at excitation wavelength 365 nm and emission
wavelength 480 nm (fDOM), turbidity and temperature, all recorded with 15 min intervals using a multiparameter
sonde (EXO2, YSI) from July 2021 to November 2023. At the same location, water samples were collected
monthly from April 2020 to November 2023 and analyzed in laboratory for NO3

− ‐N (ISO 15923‐1:2013),
ammonium‐nitrogen (NH4

+‐N; ISO 15923‐1:2013), DOC (SS‐EN 1484) and soluble reactive phosphorus (SRP;
ISO 15923‐1:2013) with 0.45 μm filtration. High‐frequency measurements of water chemistry were corrected
according to the procedure in Supporting Information S1. High‐frequency fDOM was used to infer DOC con-
centrations after correcting for temperature and turbidity (Figure S1 in Supporting Information S1). High‐
frequency NO3

− ‐N concentrations were calibrated to NO3
− ‐N concentrations measured in grab water samples

(Figure S2 in Supporting Information S1).

Stream discharge (Q) and velocity were estimated every 10 min at the two stage monitoring stations (Figure 1).
Stage rating curves were established using paired manual Q and velocity measurements (n = 8–11) and water
stage data measured with pressure sensors (Hallberg, Djodjic, & Bieroza, 2024). To analyze hydrological flow
regime, base flow index (Gustard et al., 1992) was calculated annually using baseflows in R package hydrostats
(Bond, 2022). Mean water stage was estimated by dividing wetted cross‐section area with stream width of 15
cross‐sections measured between the two stage monitoring stations, for subsequent areal scaling of metabolic
rates along O2 turnover lengths (Figure 1). For each cross‐section, wetted cross‐section area and width were
measured for all Q values by establishing linear and non‐linear stage rating curves.

Photosynthetic active radiation (PAR) at top of canopy in the downstream location of the reach was retrieved from
the Swedish radiation model (STRÅNG; https://strang.smhi.se/), with hourly intervals during the study period.
To account for PAR absorption by both riparian canopy overhang and emergent macrophytes that covered the
majority of the modeled reach, daily stream surface PAR was estimated by subtracting PAR absorbed by
vegetation from top of canopy PAR (Figure S3 in Supporting Information S1).

2.3. Stream Metabolism Modeling

High‐frequency time series of O2, stream surface light, water temperature and mean depth were used to estimate
daily stream metabolism rates from July 2021 to November 2023, excluding summer months in 2022 due to
sensor malfunction. Daily GPP, ER and gas transfer coefficient (K600; day

− 1) were estimated with a one‐station
method (Odum, 1956), using a Bayesian hierarchical model from streamMetabolizer R package and model
structure b_Kb_oipi_tr_plrckm.stan (Appling et al., 2018). The one‐station approach was chosen since the spatial
heterogeneity was relatively minor along the O2 turnover length (Chapra & Di Toro, 1991; Reichert et al., 2009).
The main sources of spatial heterogeneity were groundwater inputs from tile drainage (see below), differences in
bed channel substrates and a confluence with a tributary draining small wetlands, located 10 km upstream of the
monitoring station (Figure 1). The channel bed consisted of gravel substrates 0–5 km upstream from the moni-
toring location, while fine benthic organic matter dominated further upstream. The change in substrates suggests
that hyporheic exchange was likely more pronounced in the downstream section with gravel bed, which could
potentially increase the influence of groundwater upwelling. The distance to the confluence was exceeded by
daily O2 turnover lengths on 154 days out of 622 modeled days, mainly coinciding with periods of high flows
during storms. The daily O2 turnover length was estimated as three times water velocity divided by K600. The
model was specified to account for both observation and process error and K600 was constrained to Q (by daily
pooling) to reduce equifinality among GPP, ER and K600 when fitted to daily O2 curves. Default model proba-
bility priors were used to estimate K600 and compared against K600 estimated from hydraulic geometry, following
Equations 1 and 2 in Raymond et al. (2012; Figure S4a in Supporting Information S1).

Daily lateral water inputs along the study reach were estimated from mean daily differences in Q between the
upstream and downstream stage monitoring stations. On average, lateral water inputs contributed 30% to streamQ
during flows below the 55th percentile (Q < 0.2 m3 s− 1). This corresponds to conditions wherein tile drains
contribute to the majority of lateral inputs and deep groundwater with low O2 concentrations is disconnected from
surface water (Rozemeijer et al., 2010; Thomas et al., 2016). During most of the storm events, we could not
accurately assess the water balance between the two stage monitoring stations due to uncertainties in stage‐rating
relationships. Although we cannot rule out an increase in groundwater inputs during storm events, the observed
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dilution of NO3
− and stable supply of DOC suggests that shallow pathways (i.e., tile drainage) with limited

exposure to both nitrogen and O2‐consuming soil processes, were likely the main contributors to stream runoff
(Burns et al., 2019). Modeled GPP and ER were validated by removing estimates with biologically impossible
values (GPP < 0 and ER > 0), poor model convergence (R‐hat > 1.2) or lack of fit between daily observed and
modeled O2 (r

2 < 0.6 or 0.4 < r2 < 0.6 and root mean square error (RMSE < 0.1; Table S1 in Supporting In-
formation S1). This resulted in 650 days selected for further analysis, from a total of 719 days. In addition, the
occurrence of equifinality was assessed by regressing ER and K600 (Figure S4b in Supporting Information S1),
where a lack of correlation indicates few potential combinations GPP, ER and K600 values and good model
accuracy. There was no indication of equifinality either for the entire modeled period or during storm events
(Figure S4c in Supporting Information S1).

2.4. Estimating Supply and Demand of NO3
− and DOC

To investigate in‐stream biological processing of NO3
− and DOC inputs, and its effect on downstream exports,

we estimated NO3
− ‐N and DOC supply and demand as solute mass per benthic area and day. Supply and demand

were compared across the entire study period and in the growing season 2023 (1st April to 31st August). The
growing season was defined as the top of canopy PAR > 75 W m− 2, which coincides with the onset of GPP
increase in spring. Supply was calculated according to King et al. (2014) as:

Ssupply =
QC
wL

(1)

where Ssupply is daily solute flux (g m
− 2 day− 1), Q is discharge (L s− 1), C is solute concentration (mg L− 1), w is

stream width (m) and L is daily O2 turnover length (m). Given the relatively low average depth (0.19± 0.01 m) of
the studied reach, we assumed complete vertical mixing of solutes. Note that Ssupply represents the loading of
solutes to the same reach from which the metabolic signal is generated. To test if solute loadings were generated
from lengths equal to or greater than O2 turnover lengths, daily solute spiraling length (Sw; m) was calculated as:

Sw =
QC

Sdemandw
(2)

where Sdemand is the biological solute demand (g m
− 2 day− 1; see calculation below). For all measured days,

Sw >O2 turnover lengths for both NO3
− and DOC. Thus, the areal solute loadings were considered to be persistent

along entire O2 turnover lengths.

Biological NO3
− and DOC demand (Sdemand) was estimated by combining metabolic rates with simple stoi-

chiometric principles. Sdemand was scaled to g m
− 2 day− 1 for comparison with supply. All nitrogen (N) uptake was

assumed be in the form of NO3
− , as NO3

− ‐N corresponded to 94 ± 9% of dissolved inorganic nitrogen con-
centrations between July 2021 and November 2022, and NH4

+‐N concentration was low
(average= 0.08± 0.03 mg L− 1). Since NO3

− demand was inferred from O2‐derived metabolic rates, we assumed
that it includes assimilatory uptake by photoautotrophs and aerobic heterotrophs, but does not account for
dissimilatory N pathways.

To estimate photoautotrophic NO3
− uptake, we first derived net primary production by determining the slope of

the 90th percentile of GPP regressed against ER to subtract photoautotrophic respiration from GPP (Hall &
Beaulieu, 2013). Net primary production was converted to inorganic carbon (C) fixation using the photosynthetic
quotient of 1.1, assuming a balance between photorespiration and O2 release from NO3

− assimilation (Trentman
et al., 2023). A stoichiometric C:N ratio of 12 was then used to convert C to photoautotrophic NO3

− ‐N uptake
(Webster et al., 2003). In its turn, heterotrophic DOC and NO3

− ‐N demand were estimated from heterotrophic
respiration rates (ER—photoautotrophic respiration), since photoautotrophic respiration is not affecting NO3

−

and DOC turnover. Heterotrophic respiration was converted to C using the respiratory quotient of 1 (Bernal
et al., 2022) and to NO3

− ‐N by assuming 0.2 bacterial growth efficiency (del Giorgio & Cole, 1998) and a C:N
ratio of five of heterotrophic bacteria (Fenchel et al., 2012). The flowchart of these calculations is provided in
Figure S5 in Supporting Information S1.
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The balance between solute supply and demand was analyzed by comparing the supply:demand ratio over time.
Since we did not measure solute saturation kinetics, we could not test the onset of solute limitation directly. Yet,
we considered that a supply:demand ratio <1 was indicative of near limitation conditions.

To validate estimates of biological NO3
− demand, daytime NO3

− deficit was calculated from hourly means of
high‐frequency NO3

− concentrations (Heffernan & Cohen, 2010; Equation 2). Hourly NO3
− deficit from NO3

−

maxima (nighttime) was calculated for each hour of the day and aggregated to NO3
− fluxes (g m− 2 day− 1). NO3

−

maxima was calculated as an interpolated baseline of NO3
− maxima at preceding and subsequent nights (night

maxima was identified between 21:00 and 04:00). Positive NO3
− deficit values indicate lower NO3

− concen-
trations during daytime, which can be attributed to photoautotrophic uptake. These NO3

− fluxes were compared
to those obtained from modeled metabolic rates using the coefficient of determination (r2) and RMSE.

2.5. Solute and Metabolism Response to Storm Events

Hydrological storm events were identified with sensor measurements, based on base flow separation by using a
Lyne‐Hollick filter in the R package hydrostats (Bond, 2022). We defined storm events as an increase of
Q > 100%, compared to base flow, and with a Q peak > 0.2 m3 s− 1. Events with multiple peaks were classified as
one event if Q minima on the falling limb did not drop below <100% of base flow.

To explore solute and metabolic behavior during storm events, we used concentration‐discharge (C‐Q) and
metabolism‐discharge (M‐Q) metrics to describe the direction (hysteresis index [HI]; Lloyd et al., 2015) and
magnitude of change (response index [RI], also referred to as flushing index for solutes by Butturini et al., 2008).
For each storm event, the two indices were calculated for NO3

− ‐N and DOC concentrations measured at 15 min
intervals, and for GPP and absolute ER rates (|ER|) measured at daily intervals. Moreover, we explored C‐Q
relationships for turbidity (FNU), which was used as a proxy for suspended solids, to partition physical from
biogeochemical effects on stream metabolic responses. Events with missing concentrations (1, 7, and 14 in
Figure 1) or poor model accuracy of metabolic rates (10 and 20 in Figure 1) were excluded from the analysis.

Prior to calculation of HI, water chemistry and metabolic parameters and Q were normalized for each event
(Lloyd et al., 2015). The HI describes the direction of change in concentration (or metabolic rate) between the
rising and falling limbs of a given event (i.e., clockwise or anti‐clockwise) and the size of the hysteresis loop,
calculated as:

HIQi = C,MRL Qi − C,MFL Qi, (3)

where HIQi is the index at percentile i of Q, C, MRL_Qi is the normalized concentration (or metabolic rate) on the
rising limb of percentile i of Q and C,MRL_Qi is the normalized concentration (or metabolic rate) on the falling
limb of percentile i of Q. For each event, HIQi was calculated for every fifth percentile (0.05…0.95) of Q. The
mean HI of each event was summarized by averaging HI of all considered percentiles. Values 0.1<HI< 1 denote
clockwise behavior, while values − 1 < HI < − 0.1 denote anti‐clockwise behavior. With clockwise patterns,
concentrations or metabolic rates increase more rapidly thanQ on the rising limb, whereas anti‐clockwise patterns
imply a delayed concentration or metabolic rate peak compared to Q. Concerning solute concentrations, the
direction of HI suggests either the activation of proximal (clockwise) or distal sources (anti‐clockwise). The same
applies for turbidity. In the case of metabolic rates, clockwise patterns indicate rapid stimulation (alleviation of
light, energy or nutrient limitation) upon storm onset while anti‐clockwise patterns suggest initial suppression
(limitation of light, energy or nutrients) and/or delayed stimulation. Further, we considered that values
− 0.1 < HI < 0.1 suggest a linear response in concentrations or metabolic rates to Q. To determine the magnitude
of change during storm events, we used a RI developed for water chemistry, here defined for both solute con-
centrations and metabolic rates as:

RI =
C,Mpeak − C,Mbf

C,Mmax
(4)

where C, Mpeak is the concentration (or metabolic rate) at the event peak, C, Mbf is the concentration (or metabolic
rate) at the onset of event (base flow) and C, Mmax is the highest of the two values C, Mpeak and C, Mbf. Solute (or
particulate) accretion and metabolism stimulation occur at values 0.1 < RI < 1 while solute (or particulate)
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dilution or metabolism suppression at values − 1 < RI < − 0.1. We assumed no change in concentration or
metabolic response at values − 0.1 < RI < 0.1.

2.6. Statistical Data Analysis

Environmental drivers of GPP and ER were explored with multiple linear regression, using a best subsets
approach (R package leaps; Lumley, 2020). Predictors considered were daily means of Q, light (stream surface
PAR), water temperature, NO3

− ‐N and DOC concentrations and turbidity. Predictor variables were centered and
scaled to allow for in‐between comparison of regression coefficients. The presence of collinearity was tested with
variance inflation factor using vif (R package regclass; Petrie, 2020). These statistical analyses were constrained
to the growing season in 2023 (1st April to 31st August) when stream metabolic rates were expected to be the
highest.

To explore relationships between storm event responses in metabolic rates and solute concentrations, respective
RI values were compared against peak Q of events. Further, Spearman rank correlations were tested for both RI
and HI values between metabolic rates and solute concentrations. All statistical analyses were performed in R
version 4.2.1 (RStudio Team, 2022).

3. Results
3.1. Hydrochemistry and Stream Metabolism Patterns

Hydrology showed distinct seasonality with low flows during summer and autumn, followed by elevated base
flow and storm events during winter and spring (Figure 2). Stream Q at the downstream stage station ranged
between <0.01 and 5.76 m3 s− 1, wherein base flows on average accounted for 29 ± 3% of annual Q. Stream
NO3

− ‐N concentration averaged 3.90 ± 3.09 mg N L− 1 and followed the seasonal pattern of Q, with high
concentration during periods of hydrological connectivity in winter and spring and low concentration during low
flows of summer and autumn (Figure 2). Stream SRP concentration also exhibited a seasonal pattern, but minima
occurred early in spring and preceded NO3

− ‐N minima (Figure S6 in Supporting Information S1). Stream DOC
concentration averaged 11.31 ± 2.39 mg L− 1 and peaked during winter, but showed no direct coupling to hy-
drology. By contrast, turbidity correlated to Q (r2 = 0.57, p < 0.01), averaging 18.93 ± 41.78 FNU across the
study period and 4.15 ± 3.75 FNU during base flow.

The stream was net heterotrophic, with mean NEP <0 (− 1.92 ± 1.79 g O2 m
− 2 day− 1). Yet, metabolic activity,

especially GPP, increased during spring and summer 2023 when PAR exceeded 75 W m− 2, resulting in stream
autotrophy with NEP peaking at 4.93 g O2 m

− 2 day− 1 (Figure 2). During this period, GPP and ER accounted for
89% and 61% of cumulative daily metabolic rates in 2023, respectively (excluding December due to missing
data). The daily turnover length of dissolved O2 averaged 9.3 ± 13.5 km (Figure 1) for the entire study period.

During the growing season, best subsets of multiple linear regression models explained 52% and 65% of variation
in GPP and ER rates, respectively (Table 1). In the GPP model, PAR and DOC were the most influential pre-
dictors for GPP, which increased with PAR and decreased with DOC. In the ER model, water temperature, GPP
and Q showed a positive correlation on ER rates. In contrast, NO3

− ‐N concentration was negatively correlated.

3.2. NO3
− and DOC Supply and Demand Patterns

Overall, NO3
− ‐N and DOC supply greatly surpassed biological demand across intermediate to high Q (Figure 3).

The supply:demand ratio increased with Q from 0.5 to 559.8 and from 5.6 to 3,223.3 for NO3
− ‐N and DOC,

respectively. During the growing season 2023, biological NO3
− ‐N uptake peaked, while NO3

− ‐N supply
decreased as a consequence of low Q (<0.1 m3 s− 1). Consequently, supply:demand ratios decreased to values < 1
during 32 days in May and June 2023 (Figure 4a). During the same period, the concurrent peak in biological DOC
uptake also reduced DOC supply:demand ratios but not <1, explained by the more stable supply of DOC
compared to NO3

− ‐N. The increase in photoautotrophic NO3
− ‐N uptake was substantially higher (111 ± 129%)

than the observed daytime removal NO3
− ‐N concentrations between April and June 2023 (Figure 4b). The

reduction in DIN:SRP molar ratio below Redfield ratio of 16:1 during the growing season further suggested a
switch from P to N limitation (Figure S6 in Supporting Information S1). During June 2023, biological uptake
contributed to the reduction of 60 ± 4% and 31 ± 5% of daily NO3

− ‐N and DOC mass export, respectively.
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3.3. Metabolic and Water Chemistry Responses to Storm Events

The storm event durations were in general long, averaging 14 ± 7 days. The metabolic signal during these events
was characterized by high ER (− 4.6 ± 3.2 g O2 m

− 2 day− 1), and low GPP (0.5 ± 0.7 g O2 m
− 2 day− 1). The

response of daily GPP and ER rates to storm events showed an opposite pattern, with suppression of GPP
(negative RI) and stimulation of ER (positive RI; Figure 5). Yet, there was no relationship between event

Figure 2. Time series of hydrology, NO3
− ‐N and dissolved organic carbon concentrations, turbidity and stream metabolism

rates in the studied stream between July 2021 and November 2023. Storm events are shown as purple area under discharge.
GPP = gross primary production, ER = ecosystem respiration and NEP = net ecosystem production.
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magnitude and metabolic rates (Figure 5), indicating that events up to
5 m3 s− 1 could stimulate ER. In fact, ER rates increased during 18 out of 19
storm events, demonstrating that hydrological disturbance rather stimulated
than disrupted heterotrophic activity. The concomitant suppression of GPP
resulted in a more net heterotrophic stream during storm events. The average
HI of GPP and ER ranged between − 0.1 and 0.1, indicating that changes in
metabolic rates and Q were synchronous with Q (Figure 5).

The response of NO3
− ‐N concentrations to storm events was dominated by

RI < − 0.1 (12 out 17 events), indicating limited NO3
− ‐N supply. This

behavior was further corroborated by the decrease in RI with increasing Q
peak (Figure 5). DOC concentrations showed an overall neutral response
regardless of Q peak, characterized by − 0.1 < RI < 0.1 (11 out of 21 events).
Only 7 events showed RI > 0.1 for DOC. Turbidity showed strong accretion
during events, RI increased up to storm events with Q peak = 2 m3 s− 1 where
it reached a plateau. On average, both NO3

− ‐N and DOC concentrations
showed negative HI (anti‐clockwise hysteresis), with average HI similar to
that of ER. This pattern indicates that responses in both solutes and ER were
slightly delayed in relation to Q peak of events. By contrast, turbidity was
dominated by positive HI (clockwise hysteresis; Figure 5).

Values of RI for GPP and NO3
− ‐N concentrations were correlated to each

other, suggesting that GPP was more suppressed during storms showing
greater NO3

− ‐N dilution (Figure 6a). By contrast, values of RI for GPP were
not correlated with RI values of either DOC concentration or turbidity. RI
values for ER were not correlated with RI values of either DOC concentration
(Figure 6b), NO3

− ‐N concentration or turbidity. Further, HI values of GPP
and ER were not correlated to those of either NO3

− ‐N concentration, DOC
concentration or turbidity, which indicated that the timing of response of
metabolic rates and solutes to storm events was uncoupled.

4. Discussion
4.1. Drivers of Metabolic Regime in an Agricultural Stream With Closed Canopy

Agricultural streams usually lack a well‐developed riparian canopy, though this is becoming an increasingly
common feature in restored reaches, such as the one in this study. We found that riparian shading supported net
heterotrophy in the study stream (ER > GPP), and that GPP:ER ratios were comparable to those reported for
closed canopy streams across the USA (Bernhardt et al., 2022). Moreover, we found that light availability was the
primary control of GPP, suggesting that riparian phenology was controlling the temporal dynamics of stream
photoautotrophs. However, we lacked an open stream comparison and could not assess to which extent stream
shading actually affected in‐stream GPP and associated biological demand. The benefits of restoring riparian
zones in agricultural streams are still under debate. Shading can provide a range of water quality benefits, such as
interception of lateral nutrient and sediment inputs, increased biodiversity, improved ecological status and
buffering of water temperatures (Burdon et al., 2020; Burrell et al., 2014). However, closed canopies can also
restrict GPP and associated NO3

− assimilation (Bernot et al., 2006; Tank et al., 2018) and thereby limit their
capacity to regulate nutrient exports. Accordingly, we were unable to directly attribute the effect of NO3

−

concentrations to responses in GPP due to coinciding light limitations. In the best subset GPP model, NO3
− ‐N

concentration was excluded as explanatory variable due to low predictive power. Besides the light control of GPP,
there was a negative relationship between GPP and DOC, which was likely an indirect effect of delayed DOC
mineralization of primary producer biomass, occurring after GPP declined (Bertilsson & Jones, 2003). If the sole
aim is to maximize NO3

− uptake during summer periods, open canopies and enhanced GPP might be more
beneficial. However, this can lead to proliferation of toxic algae (Burrell et al., 2014), and an overall decrease in
aquatic ecosystem functioning and higher sensitivity to impacts from higher temperatures. When predicting ER,
water temperature and GPP were identified as the most important drivers, which are both dependent on light
availability and thus canopy cover. Interestingly, DOC concentration did not explain ER as it was excluded in the

Table 1
Best Subset Regression of Models Explaining the Variability of Gross
Primary Production (GPP) and Ecosystem Respiration (|ER|) Rates During
the Growing Season 2023

Selected predictor Scaled β‐value p‐value VIF

GPP (g O2 m
− 2 day− 1)

PAR 0.44 <0.01 1.16

DOC − 0.34 <0.01 1.80

Tempwater − 0.16 0.05 1.98

Q − 0.09 0.24 1.64

Adjusted R2 0.52

Model p‐value <0.01

|ER| (g O2 m
− 2 day− 1)

Tempwater 0.71 <0.01 4.39

GPP 0.63 <0.01 1.42

Q 0.38 <0.01 2.15

NO3
− ‐N − 0.34 <0.01 5.64

Adjusted R2 0.65

Model p‐value <0.01

Note. Predictors considered were: discharge (Q), stream surface photosyn-
thetic active radiation (PAR), water temperature, nitrate‐nitrogen (NO3

− ‐N),
dissolved organic carbon (DOC) and turbidity. GPP was also used as a
predictor in the model with ER as response. Predictors are sorted by
regression coefficient (β‐value). Variance inflation factor (VIF) values <5
indicate absence of collinearity.
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best subset ER model. This suggests that ER was stimulated by labile organic carbon provided from photoau-
totrophs rather than in‐stream bulk DOC that comprise a mix of terrestrial and aquatic sources with differing
bioavailability (Bertuzzo et al., 2022; Descy et al., 2002). Thus, riparian canopy cover can also play an important
role in regulating ER and associated carbon fluxes during the growing season.

4.2. Interplay Between Solute Supply and Demand

In accordance with our expectation, we found that daily NO3
− and DOC supply consistently overwhelmed

biological demand during most of the study period (23 months) in this agricultural headwater stream. During
intermediate to high discharges (Q > 0.1 m3 s− 1), biological processing in the study stream was insufficient to
substantially store or transform either NO3

− or DOC inputs, which contrasts with the higher in‐stream processing
capacity reported for small and intermediate storms in pristine streams (Bernal et al., 2019; Seybold &
McGlynn, 2018). Although the uncertainty in supply estimates increased with flow, the overall pattern of sup-
ply >> demand was maintained across the 90% confidence intervals of estimated flow. The negligible role of
stream metabolic activity to regulate NO3

− and DOC concentrations during most of the year and across hy-
drological conditions is consistent with previous observations in agriculturally impacted streams (Frankforter
et al., 2010; Preiner et al., 2020). This pattern clearly diverges from the theoretical behavior that predicts coupling
between supply and demand up to moderate storm events (Wollheim et al., 2018), suggesting that in streams with
high nutrient loads, such as those draining agricultural catchments, coupling between supply and demand might
be constrained to low flow periods.

Figure 3. Mean daily values of solute supply, demand and the supply:demand ratios of (a), (b) NO3
− ‐N and (c), (b) dissolved

organic carbon, compared to discharge values.
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In contrast to the expectation that floodplain connectivity contributes to increased biological NO3
− demand,

supply:demand ratios for NO3
− did not decline during the onset of floodplain inundation. This result can be

partially explained because periods of floodplain inundation (Q > 0.67 m3 s− 1) at the study stream were
accompanied by high solute supply, occurring when GPP was light limited (PAR < 75Wm− 2). In contrast, Roley
et al. (2014) showed that floodplain inundation, coinciding with sufficient light availability, contributed to
increased GPP rates in a similar agricultural stream reach, compared to a channelized reach. Likewise, floodplain
connectivity could increase NO3

− removal through denitrification (Hallberg et al., 2022; Roley et al., 2012; Speir
et al., 2020), though this process could not be identified with our approach. Overall, the suppression of GPP and
the relatively low magnitude of ER compared to solute supply suggests that metabolic activity during high flows
was insufficient to substantially decrease NO3

− and DOC fluxes to downstream ecosystems, despite hydrological
connectivity to vegetated floodplains.

Although we used fixed literature values of photosynthetic and respiratory quotients when estimating NO3
− and

DOC demand from metabolic rates, we note that these quotients can differ across systems and thereby affect the
accuracy of demand derived from metabolism (Bernal et al., 2022; Trentman et al., 2023). Other in‐stream

Figure 4. Temporal patterns of (a) daily NO3
− ‐N supply (orange circles), NO3

− ‐N demand by photoautotrophs (green circles)
and heterotrophs (brown circles), and (b) supply:demand ratio (purple solid line) during the growing season 2023.
(c) Photoautotrophic NO3

− ‐N demand (UAut; green line) compared to daytime NO3
− ‐N deficit (NO3def; black line) based on

high‐frequency NO3
− ‐N concentrations. Goodness‐of‐fit between UAut and NO3def are evaluated with coefficient of

determination (r2) and root mean square error. The dashed black line shows no concentration changes between daytime and
nighttime.

Journal of Geophysical Research: Biogeosciences 10.1029/2024JG008308

HALLBERG ET AL. 11 of 17

 21698961, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JG

008308 by Sw
edish U

niversity O
f, W

iley O
nline L

ibrary on [17/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



biogeochemical processes not captured by diel O2 cycles might also be operating within the study reach, for
instance, denitrification and nitrification for NO3

− , and photochemical oxidation and geochemical sorption for
DOC. Therefore, we might be underestimating the biological demand of these solutes to some extent. An un-
known proportion of ER (previously reported range 0.01–0.11 g O2 m

− 2 day− 1; Duff et al., 2008; Webster
et al., 2003) can be derived from nitrification that releases NO3

− . However, this process is balanced against NO3
−

removal by denitrification. Jarvie, Sharpley, et al. (2018) showed that the ratio of nitrification:denitrification rates
can be affected by NEP: when NEP > 1, higher O2 concentrations (>8 mg L

− 1) led to net nitrification while
during NEP < 1, denitrification surpassed nitrification rates. However, in our study, NEP < 1 did not result in O2
concentrations indicative of the favoring of denitrification over nitrification, neither during the growing season
(7.70 ± 2.39 mg O2 L

− 1) nor winter seasons (10.86 ± 1.96 mg O2 L
− 1). This demonstrates that in well‐aerated

Figure 5. Distribution of storm event responses of stream metabolic rates (gross primary production (GPP) and ecosystem respiration (ER)), NO3
− ‐N, dissolved organic

carbon (DOC) and turbidity. For each storm events, the response index (RI) is compared against discharge maximum (top panels) and hysteresis index (HI) (bottom
panels). Stream metabolism includes 19 events; NO3

− ‐N 17 events; DOC and turbidity 21 events. GPP and ER were analyzed at daily intervals and solutes (and
turbidity) at 15 min intervals. Means of RI and HI are shown within panels.

Figure 6. Correlation between response index of (a) gross primary production and NO3
− ‐N, and (b) ecosystem respiration and

dissolved organic carbon. Spearman rank coefficients (ρ) and p‐values are shown within panels.
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streams, nitrification and associated production of NO3
− can still dominate among dissimilatory nitrogen path-

ways despite net heterotrophy.

4.3. Evidence of NO3
− Limitation During the Growing Season

The combined peak in GPP and decline in NO3
− supply during the growing season 2023 suggests a month‐long

period of relatively high NO3
− uptake when demand clearly surpassed the supply of this nutrient. This pattern

could even lead to NO3
− limitation given that observed DIN:SRP ratios decreased clearly below the Redfield ratio

(16:1; Mebane et al., 2021; Redfield, 1958). The asynchronous patterns exhibited by NO3
− and SRP concen-

trations further accentuated NO3
− limitation during this period. The lack of correlation between observed daytime

NO3
− deficits and photoautotrophic NO3

− removal inferred from metabolic rates was partially explained by the
onset of NO3

− limitation. Supply:demand ratios <1 resulted in the cessation of diel NO3
− cycling but the delayed

decline in photoautotrophic NO3
− demand suggests that primary producers' N storage capacity and plasticity in

biomass stoichiometry can buffer the lack of in‐stream NO3
− supply (Appling & Heffernan, 2014). Hence,

photoautotrophic activity was maintained up to a month after the onset of NO3
− limitation. We also note that

daytime NO3
− deficits may have been influenced by the co‐occurrence of diel processes that dampen NO3

−

removal, such as nitrification and N mineralization, which could explain the overall lower removal rates
compared to photoautotrophic uptake from metabolic rates. For instance, positive correlations between daily
NO3

− and O2 concentrations were observed during 30 days between May and August, suggesting the dominance
of nitrification over NO3

− assimilation. During the growing season, higher metabolic activity also resulted in a
decrease in supply:demand ratios of DOC down to 1.5, which excludes the occurrence of carbon limitation. The
higher supply:demand ratios of DOC compared to NO3

− was explained by the more stable supply of DOC
throughout the growing period, which was likely sufficient to satisfy the heterotrophic carbon demand. During
biologically active periods, transient nutrient limitation commonly occurs in pristine headwater streams (Gibson
et al., 2015; Mulholland, 2004; Tank et al., 2018) but is rarely observed in anthropogenically impacted streams
receiving high NO3

− inputs (Jarvie, Smith, et al., 2018; von Schiller et al., 2008). The occurrence of NO3
−

limitation in this study was therefore unexpected, demonstrating that nutrient limitation in agricultural headwater
streams is not solely restricted to NH4

+ and SRP, as previously reported (Arango et al., 2008; Bernot et al., 2006).

On the other hand, in‐stream NO3
− demand inferred from metabolic activity was too low (supply:demand ratio

>50) to account for the reduction in NO3
− supply observed at the onset of the growing season. We reason that

biological NO3
− demand of both agricultural crops and floodplain vegetation likely played an important role in

reducing stream NO3
− concentrations. Although floodplain vegetation without inundation does not directly

impact on water column GPP signal, it could indirectly influence stream NO3
− concentrations by removing this

nutrient from interstitial pore water (Qian et al., 2021). In addition, NO3
− assimilation by in‐stream emergent

macrophytes may also have contributed to NO3
− removal in the water column. Our metabolic model considered

that only submerged compartments of macrophytes contributed to in‐stream GPP (Pastor et al., 2023). However,
given the abundance of emergent macrophytes in the study reach, it is reasonable to assume that this biotic
compartment also contributed to NO3

− assimilation, since a share of their photosynthesis occurred aerially above
the water column. A remediation strategy to reduce remineralization of NO3

− and DOC stored in vegetation is to
cut and remove biomass from floodplain and stream, in the window after GPP peak and before plant senescence.
However, precautions should be taken, especially for macrophyte cutting, as higher cutting frequencies have been
linked to impaired ecological status in the ecosystems (Baattrup‐Pedersen et al., 2018).

4.4. Divergent Responses in Metabolism, NO3
− and DOC During Storm Events

Storm events affected the stream metabolism by consistently decreasing the NEP through ER stimulation and
GPP suppression. A negative response in GPP to storm events has been confirmed in previous studies (O’Donnell
& Hotchkiss, 2022; Trentman et al., 2022), attributed to scouring of benthic and suspended autotrophs and light
attenuation by suspended solids. Moreover, our results suggest that GPP suppression can result from decreased
NO3

− availability because GPP decreased with decreasing NO3
− concentrations during storm events. Decreased

NO3
− concentrations in conjunction with expected increases in P concentrations could result in lower N:P ratios

that have been shown to limit phytoplankton growth (Kelly et al., 2019). The extension of O2 turnover lengths
during storm flows may have increased the contribution from the upstream tributary draining small wetlands,
which could potentially increase GPP due to increased autotrophy in flow‐through wetlands draining agricultural
soils (Maynard et al., 2012). However, a previous synthesis (Hoellein et al., 2013) showed that wetland metabolic
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rates usually are comparable to those measured in streams. In addition, the confluence was located 10 km up-
stream from the monitoring station, and thus, its influence on the measured metabolic rates might be fairly limited.
The consistent stimulation of ER measured during storms contrasts with previous studies reporting either stim-
ulation, suppression or neutral responses (Bertuzzo et al., 2022; O’Donnell & Hotchkiss, 2022; Trentman
et al., 2022). We acknowledge that our results should be taken with caution given the unknown contribution of
groundwater inputs during increasing flow. From the 21 monitored storms, we could verify gaining conditions in
only two cases (15 and 16; Figure 2), for which groundwater contributed up to 50% of stream flow. Following the
approach of Hall and Tank (2005), and assuming 5% lower groundwater O2 concentrations compared to stream
water, modeled |ER| rates would have been reduced by 52 ± 26% compared to estimates without considering
groundwater inputs. This means that we might be overestimating ER during some storm events, though the di-
rection of response persisted, thus indicating that ER was stimulated with increasing flow. Note that the GPP
estimates using the one‐station approach are unaffected by groundwater O2 inputs (assuming stable input across
day and night; Hall & Tank, 2005). The proposed stimulation of ER by either DOC or NO3

− subsidies could not
be confirmed because ER response was not correlated to storm event magnitude or responses in these solutes,
suspended solids or GPP. Although ER and solutes on average showed similar delayed responses to storm events,
there was no correlation between the event‐specific timing of responses. This finding reiterates the limited power
of DOC and NO3

− concentrations for explaining ER event dynamics, warranting further investigation of the
effect of DOC quality, pH, redox conditions as well as physical re‐organization of benthic communities upon
hydrological disturbances. In particular, the lack of correlation between ER and DOC concentration could result
from differences in DOC quality across storm events, as labile DOC (either allochthonous or autochthonous) has
been identified as a dominant driver of ER (Bertuzzo et al., 2022). Our measured fDOM component (excitation:
365 nm, emission: 480 nm) is characterized by recalcitrant humic substances, which is an appropriate proxy for
bulk DOC but does not contain information on labile DOC compounds (Cory & Kaplan, 2012). Thus, to improve
our understanding of ER responses to DOC lability, we suggest that monitoring should be complemented with
sensors capable of measuring fDOM components corresponding to labile DOC.

5. Conclusions
The increasing availability of high‐frequency water chemistry time series and development of robust approaches
to model stream metabolism have provided critical insights into in‐stream biogeochemical processing of solutes
across aquatic biomes. Yet, the understanding of howmetabolic activity and biogeochemical processing vary over
flow conditions remains limited in headwater streams draining intensively managed agricultural catchments. By
integrating stream ecosystem biogeochemistry and hydrology, biological demand in the studied agricultural
stream was shown to be inefficient in regulating downstream exports of NO3

− and DOC. The lack of response in
photoautotrophic NO3

− removal during floodplain inundation further suggests that riparian vegetation rather
assimilate NO3

− from floodplain sediments than from the water column, resulting in a delayed impact on stream
NO3

− concentrations that was not captured by the in‐stream metabolic signal. Importantly, we show that in a
stream with high annual NO3

− export, seasonal declines in NO3
− loads coinciding with peaks of high metabolic

activity can give rise to NO3
− ‐limiting conditions. This emphasizes the crucial role of land use and drainage

management for enhancing terrestrial N demand, with the aim of restricting seasonal NO3
− inputs, rather than

focusing efforts only on the in‐stream remediation capacity for storing and transforming NO3
− . Likewise, peaks

in metabolic activity can also substantially increase removal rates of DOC, although the more stable supply of
DOC prevented heterotrophic carbon limitation in the study stream.

During storm events, the use of established concentration‐discharge indices for characterizing metabolic patterns
enabled a unified comparison of both solute and metabolic responses. This highlighted the potential role of NO3

−

dilution as a suppression mechanism of GPP during events. It further showed that ER increased consistently
during storm events responses during events, but this stimulation could not be directly attributed to either con-
centrations of NO3

− , DOC, or to suspended solids. Therefore, novel approaches integrating the effect of DOC
quality as well as the physical microbial community structure are needed to better understand what drives ER
changes during storms. Our findings assert the importance of including highly impacted systems into the growing
body of solute processing capacity of headwaters, further aiding the constraint of biogeochemical flows across
stream networks with diverse land use.
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Data Availability Statement
Modeled metabolism, solute supply, dissolved O2 concentrations and hydrology data that support the findings of
this study are openly available at the Figshare repository: https://doi.org/10.6084/m9.figshare.25959253 (Hall-
berg, Bernal, & Bieroza, 2024).
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