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Abstract: Point bars are crucial elements of river systems, significantly enhancing the nitrogen cycle
in riparian zones by facilitating hyporheic exchange between surface water and riparian zones.
This study investigated the impact of dissolved oxygen (DO) concentration and temperature on
nitrogen transport and reactions in river point bars. A two-dimensional coupled surface water—
groundwater model was developed to analyze nitrogen distribution, variations, and reaction rates
in rivers with point bars. The model considered three chemical reactions controlling nitrogen
transformation: aerobic respiration, nitrification, and denitrification, with DO and temperature as
independent variables. The results indicated that DO variations have a limited effect on solute
migration depth, whereas increased temperature reduces solute migration depth. At surface water
DO concentrations of 0.1, 0.2, and 0.4 mol/m3, nitrate removal in the riparian zone was 0.022,
0.0064, and 0.0019 mol/m, respectively. At riparian temperatures of 5 °C, 15 °C, and 25 °C, nitrate
removal was 0.012, 0.041, and 0.16 mol/m, respectively. Nitrogen removal is more sensitive to
temperature variations than to changes in DO concentration. In this research, the decrease in DO
concentrations and the temperature increase greatly enhanced the riparian zone’s denitrification
effect. This study improves our understanding of how riparian zones impact nitrogen cycling under
various environmental conditions.

Keywords: point bars; dissolved oxygen; temperature; denitrification; riparian zone; river ecological
restoration

1. Introduction

Point bars are distinct features adjacent to rivers that expand riparian zones and
connect aquatic and terrestrial ecosystems [1]. Point bars modify the local hydraulic
gradient in river channels, promoting hyporheic exchange between river water and riparian
groundwater. This process is essential for intercepting river nutrients, improving water
quality, and supporting healthy river ecosystems [2].

Hyporheic exchange (HE) driven by point bars actively transports dissolved oxygen
(DO), nutrients, and microorganisms between river water and riparian zones, support-
ing nitrogen biogeochemical cycles in rivers and groundwater. This process is crucial
for nitrogen transport and reactions, influencing its quantities and states within the river
ecosystem [3]. In river restoration projects, artificially constructed gravel point bars sig-
nificantly promote HE and achieve high nitrate removal efficiencies [4,5]. Simultaneously,
point bars host diverse microbial communities that play vital roles in river biogeochemical
cycles [6]. Therefore, point bars are essential to the functional integrity of river ecosys-
tems, serving as pathways for inducing HE and enhancing denitrification during river
purification processes.

Nitrogen is a key factor in eutrophication of water bodies. Excessive nitrogen leads
to algal blooms, which severely degrade water quality and biodiversity. Riparian zones
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reduce nitrogen concentrations in water via plant uptake, microbial transformation, and
sediment fixation [7]. From a sustainable development perspective, the nitrogen removal
capacity of riparian zones is vital for achieving environmental goals. Healthy riparian zones
help maintain water quality and provide various ecological services, including water source
protection, flood regulation, biodiversity maintenance, and climate regulation [8,9]. These
ecological services are significantly valuable to the long-term well-being of human society.
Therefore, protecting and restoring riparian zones is crucial for achieving sustainable de-
velopment goals [10]. To enhance nitrogen removal efficiency, scientific research should
explore the specific mechanisms and efficiencies of nitrogen removal under various envi-
ronmental conditions, providing solid scientific evidence for environmental policies and
management decisions.

In the nitrogen removal process in riparian zones, denitrification is considered the
most effective mechanism [11]. Research indicates that over half of the nitrates entering
river systems are removed by denitrification before discharge into the ocean [12].

Denitrification in riparian zones is influenced by environmental factors such as water
flow rate, nitrogen sources, plants, pH, sediment properties, dissolved oxygen (DO), and
temperature [13,14]. Increased water flow rates may enhance the conveyance and mixing
of nitrogenous materials, hastening their transformation and elimination processes [15].
However, excessively high flow rates might cause erosion and loss of nitrogenous matter,
limiting denitrification effectiveness [16]. Elevated nitrogen source concentrations may
constrain the denitrification process, potentially giving rise to novel contaminants such as
nitrite nitrogen. In nitrification, ammonia nitrogen is oxidized to nitrite, followed by its
oxidation to nitrate. When nitrogen source concentrations are too high, nitrite formation
may outpace oxidation, leading to nitrite accumulation in the system. This can be toxic
to aquatic organisms in rivers and pose health risks in drinking water treatment [17-19].
Plant roots provide organic carbon sources for denitrifying microorganisms, promoting
microbial activity, and accelerating denitrification. Additionally, plants influence soil mois-
ture through transpiration, regulating soil redox conditions and affecting denitrification
frequency and intensity. Plant roots also alter soil structure, increasing permeability and
porosity, which enhances nitrogen transfer and transformation efficiency. The impact of
plant species on denitrification varies based on root characteristics, growth rates, and
soil moisture regulation ability [20]. An appropriate pH level facilitates the growth and
metabolic activity of denitrifying microbes, enhancing denitrification efficiency. Generally,
the optimal pH for denitrification is between 7 and 9. Excessively acidic or alkaline con-
ditions can change enzyme conformation and activity, reducing their catalytic ability and
denitrification rate [21,22]. Significant denitrification reactions have also been observed
in rivers contaminated with acidic mine wastewater [23], indicating varied pH tolerances
for different denitrification mechanisms. Sediment plays a dual role in the nitrogen cycle,
serving as both a nitrogen reservoir and a site for transformation reactions [24,25]. Sediment
organic content supplies carbon sources, fostering denitrification within the river substrate
and serving as an effective nitrogen abatement mechanism [26]. However, sediments
might also release nitrogen, particularly when exogenous nitrate loads to the fluvial system
are reduced [27]. The physical characteristics of sediment, such as particle size, porosity,
and depositional dynamics, affect nitrogen adsorption—desorption processes, indirectly
regulating its bioavailability and biogeochemical transformations [28].

In riparian zones, DO is recognized as a pivotal factor influencing element cycling and
pollutant degradation [29]. As a primary oxidizing agent, DO strongly influences nitrogen
and carbon cycling [30]. These biogeochemical processes significantly affect water quality,
microbial activities, and benthic habitats [31,32]. DO largely dictates the redox conditions
that govern nitrification and denitrification timing and occurrence in riparian zones [33].

Temperature regulates microbial activity and biomass, determining denitrification
efficiency and rate in riparian zones [34,35]. Temperature variations may affect oxygen diffu-
sion and nutrient distribution, indirectly influencing microbial activity and efficiency [36,37].
Temperature also affects the growth of aquatic plants and animals, influencing riverine
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biotic community structure, which may affect nitrogen migration and transformation in
HZ [38,39]. Research indicates a strong negative relationship between surface water nitrate
levels and river temperatures, suggesting higher temperatures reduce nitrate concentra-
tions [40]. In stream sediments, denitrification at 25 °C is twice that at 8 °C, as higher
temperatures increase denitrifying bacteria’s metabolic rate within a certain range [41].
The promotive influence of temperature on bioprocesses has limits; overly high water tem-
peratures can reduce the activity or cause mortality of denitrifying bacteria, suppressing
denitrification [42,43]. Elevated temperatures may accelerate the mineralization of organic
compounds, reducing their concentration and restricting the availability of electron donors
in denitrification [44,45].

While point bars are widespread in natural rivers and used in restoration projects,
studies on the effects of DO and temperature on nitrogen migration and transformation
in point bars are scarce. Temperature and DO are key abiotic factors regulating nitrogen
removal in river systems. Understanding the influence of these factors on nitrogen removal
is crucial for efficient river management and water quality enhancement.

Numerical simulation, a crucial method for studying river nitrogen cycling, quanti-
tatively describes the continuous behavior of nitrogen migration and transformation in
groundwater. This paper develops a two-dimensional surface water—-groundwater cou-
pled model to study nitrogen cycling in point bars. Similar models are widely cited. For
example, Bardini et al. used a numerical model to simulate turbulent water flow and
pressure distribution over dunes, evaluating the flow field and biogeochemical reactions in
hyporheic sediments [46]. Zheng et al. used this model to analyze nitrogen migration and
transformation in polluted and natural rivers [47,48]. Pin et al. used the model to examine
the impact of bioclogging on nitrate source-sink functions in the hyporheic zone [49].

This study aims to quantify the effects of DO and temperature on removal processes
in riparian zones with point bars using numerical simulation. The findings play a signif-
icant guiding role in applying point bars in river ecological restoration under different
environmental scenarios.

2. Materials and Methods
2.1. Conceptual Model

To simulate the phenomena of water flow movement, solute migration, and chemical
reactions in the HZ and analyze nitrogen cycling within a point bar, this study employed
the commerecial finite element software COMSOL Multiphysics (6.2, COMSOL Inc., Stock-
holm, Sweden) to develop a two-dimensional model coupling surface water-groundwater
interactions and multi-component reactive solute transport (Figure 1).

The interaction between river water and the riverbank is conceptualized in Figure 1.
The riverbank is simplified as a plane, with the right side of the river used for modeling [50].
Surface water, abundant in nutrients and DO, undergoes local pressure variations as it flows,
due to hindrances from the riverbanks, leading to an uneven distribution of pressure that
compels the surface water to seep into the riverbanks and initiate nitrogen biogeochemical
reactions within [51]. The interface between the river water and the bank sediments is
known as the Water-Sediment Interface (WSI), which exists as a mixed boundary in the
model, functioning as both a pressure and concentration input boundary [46-49]. Given
the potential complexity of dynamic temperature effects, we assumed uniform and stable
temperatures for the point bar [47].
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Figure 1. Modeling scheme. Upper part describes the pressure, velocity, and wall boundary conditions
of the river flow turbulence model; lower part displays the pressure and concentration boundary
conditions for the solute reactive transport in the porous medium. The model domain represents a
riverbank with length L = 30 m and width D = 12 m (with a point bar 4 m long and 1.5 m wide, and
the center of the bar 10 m from the leftmost edge of the riverbank), and a river channel of the same
length as the riverbank and width of d =4 m.

2.2. Governing Equations
2.2.1. Surface Water Flow

The flow of river water in nature is generally irregular, unsteady, and follows a
chaotic and winding trajectory, typical of turbulent flow [52]. To simulate the turbulent
process of surface water, this paper employs the RNG k-¢ turbulence model to solve the
Reynolds-averaged Navier—Stokes (RANS) equations. This model is widely recognized
in industrial applications and more accurately depicts flows with high strain rates and
significant streamline curvature [53].

The model requires solving for the turbulent kinetic energy k and its dissipation rate ¢,
with the equations formulated as follows:

ok  odku; 9 Ok _

ait + Txl = ax] (Dkeffaxi) + Gk 3 (1)
Je  OJeu; 0 de e &2
3 + v, ox; <D£effaxi> + Cre G — Coe (2)

u; denotes the turbulent velocity; G corresponds to the generation of turbulent kinetic
energy caused by the average velocity gradient; Dk, ¢r and De, are the effective diffusivity
for k and ¢, respectively; and Cj, and Cy are constants in the model [54].

This approach enables the simulation of steady-state mean unidirectional turbulent
flow in river channels, yielding the river’s velocity and pressure distributions. Moreover,
this method has been validated, with the simulated pressure distribution along the wall
interface closely aligning with experimental observations [55].
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2.2.2. Groundwater Flow

Darcy’s law can describe the free flow of fluids through porous media (such as sedi-
ments, sponges, activated carbon, etc.) [56]. Therefore, in the groundwater simulation part
of this study, Darcy’s law is chosen to simulate the movement of groundwater flow through
sediments. The equation is as follows:

K
U=—-V 3)
VP

« is the permeability of the porous medium; y is the dynamic viscosity of the fluid; and p is
the pressure [57].

2.2.3. Multicomponent Reactive Transport

The transport and reaction of nitrogen in rivers involve complex coupling between
groundwater flow, solute transport, and chemical reactions. Consequently, this study
developed a multi-component solute reactive transport model, incorporating four key
reactants: dissolved organic carbon (DOC), DO, nitrate (NO3; ™), and ammonium ion (NH4 ).
The model focused on their reactions and interconversions during groundwater movement.

This study did not specifically consider particulate organic carbon (POC), as POC parti-
cles could affect the permeability of sediments and the distribution of bacterial communities,
potentially complicating the system too much for effective study [49,58]. Furthermore,
this study did not consider the intrinsic nutrients in the riparian zone. It assumed that all
nutrients originate solely from seepage inputs from the river water, simplifying the analysis
and isolating the effects of the factors under investigation [47,49].

The multi-component solute reactive transport model incorporates three crucial bio-
geochemical reactions that govern nitrogen: nitrification (NI), denitrification (DN), and
aerobic respiration (AR). As the majority of nitrogen in rivers is eliminated through DN,
this article does not address other nitrogen transformation processes like ammonification,
assimilation, or anaerobic ammonium oxidation. The expressions for the three key chem-
ical reactions are shown in Table 1. To enhance the accuracy of the solution results, we
employed a refined meshing approach, resulting in 113,616 free triangular elements.

Table 1. The reactions considered in the simulations.

Reaction Type Expression
Aerobic respiration (AR) CH,0 + Oy, — HyO + CO,
Nitrification (NI) NH; " +20, — NO;~ + H,O +2H*
Denitrification (DN) 5CH,0 +4NO3~ +4H" — 7H,0 4 5CO, + 2N,

Given that nitrogen transformation and migration in riparian zone sediments involve
several reactions, the groundwater model requires the incorporation of additional multi-
component solute reaction transport equations. Hence, we incorporated a porous media
solute transport module into the existing groundwater flow model. This module is coupled
with the Darcy flow equations to simulate the nitrogen migration and transformation
processes in the riparian zone. The porous media solute transport process follows the mass
conservation equation, which is expressed as follows [59]:

%(9101') + %(Pcp,z’) + % (64c,i) +u-Ve; = V:[(Dp,+ D,;)Vei] + R+ S; (4)
¢; is the concentration of species i in the liquid phase (mol/m?), cp; is the amount of species
i adsorbed on the solid particles [mol/(ps g)], and ¢ ; is the concentration of species i in
the gas phase (mol/ md);
9.(81¢;), 2 (pcp,i), and 2 (Bgcg,;) are the transient concentration changes of the matter in
the liquid, solid, and gas phases, respectively;
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u-Vc; indicates the convective transfer of matter under the action of the velocity field of the
solvent; V-[(Dp; + D, ;) Vc;] describes three modes of mass transfer-mechanical diffusion,
molecular diffusion, and volatilization in the gas phase, wherein Dp is the diffusion tensor
(m?/s), and D, is the effective diffusion coefficient (m?/s);

S; is the source term and can describe the inflow or outflow of the species within a liquid;
and R; is an expression of the rate of reaction that can represent the chemical reactions of
the species in the three phases [mol/(m?-s)].

The net reaction rate expressions for these four key chemicals (DO, DOC, NOs;~, and
NH4*) are shown below [47]:

Rpoc = —kpoc-Cpoc (5)

Ryuy = —knu; Cnnp-Co; 6)

Ro, = = frkpoc-Cpoc-B1 — 2k -Cnpy -Co, @
Ryo; = —f2'kpoc-CpocBa +kypt -Cnpy Co, ®)

Cpoc, C NH] and Cp, denote the concentrations of DOC, NH4 ", and DO, respectively;

The terms kpoc and ky; HY correspond to the reaction rate constants for DOC and NH,*,
respectively;

The fractions f; and f; reflect the proportions of electrons consumed in the reduction of O,
and NO3 7, respectively;

B1 is defined as the ratio of moles of electrons transferred per mole of DOC oxidized to the
moles of electrons per mole of reducing agent in the aerobic respiration (AR) reaction;
And B, represents the ratio of moles of electrons transferred per mole of DOC oxidized to
moles of electrons per mole of reducing agent in the NI reaction.

The key parameters of the multi-component solute reactive transport model are shown
in Table 2, with concentrations of four reactants in rivers referring to Chinese surface water
quality standards. It should be noted that when studying dissolved oxygen concentration
as a single variable, the temperature of the point bar is maintained at 20 °C.

Table 2. Key parameters of a multi-component solute reactive transport model.

Parameters Size Unit Ref.
Porosity 04 [50]
Hydpraulic conductivity 30 m/d [50]
Dispersity of longitude 0.1 m [60]
Dispersity of transverse 0.01 m [60]
Diffusion coefficient 10—° m?2/s [61]

DO concentration in river 0.1,0.2,04 mol/m3
NOj3~ concentration in river 0.16 mol/m3 [50]
NHy* concentration in river 0.083 mol/m?3 [50]
DOC concentration in river 0.2 mol/m?3 [50]
Oxygen inhibition constant 0.03 mol/m? [47]

Point bar temperature 5,15,25 °C

2.3. Response of Reaction Rate to Temperature

In chemical reactions, the rate constant is solely temperature-dependent, and its
magnitude is a primary factor determining the reaction rate [62]. Nitrification (NI) and
denitrification (DN), as bacterial-mediated biochemical reactions, are highly sensitive to
temperature changes in the river [47,63]. Consequently, this paper establishes a response
equation for nitrogen reactions to temperature, using the Arrhenius equation to quantita-
tively describe the relationship between temperature and reaction:

k(T) = Ae E/RT ©9)
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K(Ty) = k(Ty)e R~ T) (10)

where k is the rate constant; A is the Svante August Arrhenius constant; E is the activation
energy; R is the gas constant; and T is the temperature.

2.4. Evaluated Indicators of Nitrogen Removal

Nitrate removal in the riparian zone can be quantitatively analyzed through inte-
gration. The nitrate removal per unit length of the riverbank can be represented by the
following formula:

t
Npy = / / OR. - dAdt 11
DN 0 Ja NO; ( )

where Npy is the total nitrate consumption through DN per unit of riparian length; ¢ is the
total simulation time (48 h); A is the total area of the model domain; and R NO; is the net
reaction rate of nitrate [47,64].

The influx and efflux of species in the riparian zone adhere to a mass balance equation,
with the influx and efflux amount of each species determinable via integration methods.
The species influent amount per unit length can be calculated using the following equation:

t
Ay = / / C; FrpdLdt (12)
0 JL

where A;, represents the amount of the species entering the riverbank through subsurface
flow from the upstream river per unit length; L is the total length of the top inflow boundary;
Ciy is the influent concentration of the species; and Fy;dL represents the flux from the top
inflow boundary into the riparian zone [47,50].

The species effluent amount per unit length can be calculated using the following
equation:

t .
Aout :/0 /ScoutPtdedt (13)

where A,y represents the amount entering the downstream river through subsurface flow
from the riverbank per unit length; S is the total length of the top outflow boundary; Cyy; is
the effluent concentration of the species; and F;dS represents the flux from the top outflow
boundary into the river.

2.5. Field Tracer Experiment and Model Validation

The reliability and accuracy of the numerical simulations were validated using tracer
technology for stability analysis. The experimental point bar was located in the Xiajiasi River,
Huangpi District, Wuhan City, Hubei Province (114°28’ E, 31°02" N). Three monitoring points
were selected: upstream, mid-bar, and downstream along the riverbank.

A model replicating real river conditions was constructed in COMSOL. The domain
point probe function was used to specify corresponding points in the solution domain,
simulating tracer concentration changes at the monitoring points.

We conducted a tracking experiment, revealing that the root mean square error
(RMSE) between the simulated and measured tracer concentrations at each monitoring
point was consistently below 3.3%. Furthermore, all determination coefficients (R?) ex-
ceeded 0.65 [47]. Consequently, this model is suitable for predicting changes in the ground-
water dynamic field.

3. Results
3.1. Effect of DO Concentration on Nitrogen Transport and Reaction

Figure 2 illustrates the distribution of four key species concentrations and the rates
of NI (nitrification) and DN (denitrification) reactions in the riparian zone under varying
DO conditions. Overall, the four solutes (DO, NOs;~, NH;*, and DOC) display a wavy
band distribution, thicker in the center and tapering off towards the sides. The penetration
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depth and concentration distribution of these solutes vary due to differences in their initial
concentrations and the chemical reactions involved. Concentration peaks and the highest
spatial reaction rates of NI typically occur at the left interface or the center of the bar, where
HE is most intense [50]. The high flow rate resulting from the pressure difference in this
area is the primary driving force behind the continuous migration and diffusion of solutes

into the riverbank.

(a) Coo = 0.1 mol/m?

DO (mol/m?) NO; (mol/m?) NH,* (mol/m?)
EENT

0 0.04 0.083

DOC (mol/m’) NI (10°# mol/(m?-s)) DN (10°% mol/(m?-s))
I T T T
0 0.1 02 0 4 713 0 4 8.48

(b) Cpo = 0.2 mol/m?

DO (mol/m?) NO; (mol/m?) NH," (mol/m?®)
EET  Taaa

0 0.1 0.2 0 0.1 0.17 ¢ 0.04 0.083

DOC (mol/m?) NI (107 mol/(m3-s)) DN (1078 mol/(m?-s))
EE a0 2
0 0.1 02 0 0.7 143 0 0.8 1.68

(¢) Cpo = 0.4 mol/m?

NO; (mol/m3)

NH,* (mol/m?)

DO (mol/m3=

DOC (mol/m3) NI (10* mol/(m*-s)) DN (10-° mol/(m’-s))

0 0.04 0.083

0 0.1 0.2 0 1.5 285 0 2.5 5.29

Figure 2. Distribution of four key species concentrations, and nitrification (NI) and denitrification

(DN) rates with varying DO levels for the river containing the point bar.
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The NI reaction is subtle and confined to the riverbank surface, while DN occurs
deeper within the oxygen-depleted riverbank, exhibiting an irregular band distribution.
DN reaction hotspots are located deeper within the point bar or downstream along the
riverbank, often in the central area of the reaction zone (Figure 2). The trends in these
reactions further indicate that NI dominates in aerobic zones, whereas DN prevails in
anoxic zones. The abundance of NH;* and DO causes the NI rate to peak near the WSI,
then decrease with depth as these reactants are consumed. The DN rate peaks just below
the anoxic-aerobic boundary and then rapidly decreases with depth, forming a narrow yet
distinct DN zone.

As DO concentration increases, the four solutes (DO, NO;~, NH4*, and DOC) display
varying expansion or contraction patterns (Figure 2). The penetration depth and concentra-
tion distribution of DOC change slightly, with a maximum concentration of 0.2 mol/m? at
the interface. As penetration continues, DOC concentration gradually decreases, reaching a
maximum penetration depth of approximately 0.6 m below the point bar surface. A distinct
concentration stratification emerges in the middle of the bar, suggesting that NI and AR
(aerobic respiration) have consumed DOC, yet DOC remains abundant overall.

In this study, DO acts solely as a reactant. Thus, under the three DO conditions, the
maximum interface concentrations of DO are 0.1, 0.2, and 0.4 mol/m?, respectively. The
migration depth of DO increases with higher interface concentrations, yet it exhibits the
least migration among the four solutes.

As DO increases, a significant reduction in NH; " permeation along the riverbank is
observed, suggesting that DO enhances nitrification, leading to increased consumption
of NH4+.

Under these three DO scenarios, the distribution of NO3 ™ remains largely unchanged,
with a maximum penetration depth of 0.8 m below the junction of the left side of the bar
and the riverbank. The peak concentration is not at the WSI but in the middle of the red
permeation zone (Figure 2). This shift is due to NI initiated by DO and NH4* during their
permeation into the bar, which supplements NO3; ™, exceeding the interface concentration
of 0.16 mol/m?. As DO increases, the maximum NO3~ concentration also changes, from
0.163 to 0.18 mol/m?3. The apparent color stratification of NO3~ concentration at a depth of
0.1 m-0.5 m along the riverbank is primarily due to significant NO3~ consumption via DN
reaction at that location.

As the DO concentration increases from 0.1 mol/m? to 0.4 mol/m?3, the maximum
NI rate increases from 7.13 x 1078 to 2.85 x 10~7 mol/(m3:s) and occurs at the WSI.
The maximum reaction rate depends solely on temperature and substrate concentration.
Therefore, the increase in maximum DO concentration, one of the substrates required for
NI, leads to an increase in the maximum reaction rate of NI, leads to an increase in the
maximum reaction rate of NI. As DO penetration depth increases, the DN reaction zone
extends gradually into deeper layers of the riverbank, where substrate concentrations are
lower. Consequently, the frequency of reaction hotspots (red reaction zone) decreases, and
the maximum chemical reaction rate declines from 8.48 x 1078 t0 5.29 x 10~ mol/(m?3-s).

Table 3 shows the influent and effluent amounts of key species in the nitrogen cycling
process of riparian zones under different DO levels. As the concentration of DO in sur-
face water rises, the A;, of DO increases from 0.22 to 0.84 mol/m while the A;, of other
species remains largely unchanged. The Ay of DO significantly increases from 0.020 to
0.097 mol/m. Concurrently, due to enhanced nitrification, the Ayt of NO3 ™ rises from
0.042 to 0.046 mol/m. Under Cpg conditions of 0.1 mol/m?3, 0.2 mol/m3, and 0.4 mol/m3,
the amounts of NO3 ™~ consumed by DN are 0.022 mol/m, 0.0064 mol/m, and 0.0019 mol/m,
respectively, showing a decreasing trend. This suggests that increasing DO inhibits the
progress of DN (Figure 2).
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Table 3. Influent and effluent amounts of key species in the nitrogen cycling process of riparian zones
under different DO levels.

Case Species Ay, (mol/m)  Agyt (mol/m) AA (mol/m) Npy (mol/m)
DO 0.220 0.020 0.200
NO; ™ 0.320 0.042 0.278
_ 3 3
Cpo =01 mol/m*  \ppy + 0.170 0.022 0.148 0.022
DOC 0.420 0.045 0.375
DO 0.430 0.042 0.178
NO;~ 0.320 0.045 0.275
_ 3 3
Cpo =02mol/m”  \py + 0.170 0.021 0.149 0.0064
DOC 0.420 0.045 0.375
DO 0.840 0.097 0.123
NO;~ 0.320 0.046 0.274
_ 5 3
Cpo =04 mol/m™  \py + 0.170 0.020 0.150 0.0019
DOC 0.420 0.045 0.375

3.2. Effect of Temperature on Nitrogen Transport and Reaction

Figure 3 illustrates the distribution of four species concentrations and the rates of NI
and DN reactions in the riparian zone under three temperature conditions. The intrusion
patterns of the solutes resemble those described in Section 3.1, with the deepest penetration
occurring beneath the junction of the left side of the bar and the straight shore.

At T =5 °C, the migration depths of the four solutes are nearly identical, ranging from
0.1 to 0.8 m beneath the bank. Distinct color bands of NI and DN reactions are visible, with
pronounced red reaction hotspots. Under this condition, the NI reaction zone spans half of
the point bar (Figure 3).

However, as the temperature rises to 25 °C, the penetration of the four solutes sig-
nificantly decreases due to faster reactions and more rapid consumption of solutes. For
instance, at T = 5 °C, DO nearly penetrates two-thirds of the point bar; at T = 15 °C, its pres-
ence is mainly limited to the shallow areas on the left side; and at T = 25 °C, its penetration
extent is minimal and can be disregarded. As temperatures rise, the migration depth of
NH,* remains relatively unchanged; however, the area of peak concentration (red zones)
drastically decreases to about one-tenth of its initial extent. The penetration depth of DOC
decreases from an initial 0.8 m to approximately 0.5 m, with the area of peak concentration
shrinking to a quarter of its original size. In summary, the migration and dispersion of
various solutes are influenced differently by temperature. Generally, the infiltration depth
of solutes decreases with increasing temperature (Figure 3).

In the numerical model of this study, a limiting DO concentration of 1 mg/L
(0.03125 mol/m?3) is defined as the aerobic-anoxic boundary. If DO concentration ex-
ceeds this threshold, NI occurs (assuming sufficient NH4 "), whereas DN occurs if it falls
below this threshold. The shift in NOs ™~ concentration from “red” to “green” in Figure 3
signifies the boundary between aerobic and anoxic conditions, marking the demarcation
between NI and DN.

NOs3™ changes are primarily characterized by two aspects. First, its maximum con-
centration occurs just above the boundary between anoxic and hypoxic zones (Figure 3).
Additionally, owing to the positive effect of higher temperatures on the nitrification rate,
this maximum concentration rises with increasing temperatures (from 0.161 mol/m? to
0.18 mol/m?). Conversely, temperature changes affect the distribution and migration depth
of NO3;~. As temperatures rise, the area of high NO3;™ concentration decreases, along
with a slight reduction in its migration depth. Moreover, at the same temperature, the
penetration depth of NO3 ™ is nearly equal to that of NH,*.
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Figure 3. Distribution of four key species concentrations, and nitrification (NI) and denitrification
(DN) rates with varying temperatures for the river containing the point bar.

As the temperature rises from 5 °C to 25 °C, the reactive range of NI shrinks to just
10% of its original extent. Similar to the pattern observed with DO, the maximum NI
reaction depth decreases from 1 m below the riverbank to 0.2 m in the shallow left side of
the point bar. At T =5 °C, the DN reaction band is clearly visible, located below the aerobic—
anoxic interface. DN hotspots exhibit a striking parabolic distribution, clearly evident
at depths of 0.3-0.6 m beneath the riverbank. At T = 15 °C, the DN zone shifts upward,
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revealing reactive hotspots in the central region of the riverbank. At T =25 °C, the entire
DN process moves closer to the riverbank surface, with a contracted reaction area primarily
concentrated in the left-middle region. The DN hotspots are less distinct, located 0.2 m
beneath the left side of the riverbank. Importantly, reduced denitrification coverage does
not correspond to a decreased quantity of nitrate removal. Increased temperature promotes
more vigorous chemical reactions, resulting in the rapid consumption of significant nitrate
quantities through DN. Furthermore, the reduced substrate concentration inhibits the
continuation of the reaction. As temperature rises from 5 °C to 25 °C, the peak NI reaction
rate increases from 2.06 x 1078 mol/(m3-s) to 2.28 x 10~° mol/(m?-s). The maximum DN
rate increases from 2.88 x 1077 mol/(m3-s) to 7.31 x 10~7 mol/(m?3-s). Both rates exhibit an
upward trend as the temperature increases. This is attributed to the temperature sensitivity
of the reaction rate constants. As temperature rises, the reaction rate constant increases,
significantly amplifying the reaction rate.

Table 4 shows the influent and effluent amounts of key species in the nitrogen-cycling
process of riparian zones with varying temperatures. With rising temperature, the Agyt
of NH;* and DOC gradually decrease. The Ayy: of DO initially increases from 0.022
to 0.043 mol/m, then decreases to 0.017 mol/m, while the Aqy: of NO3™ shows an ini-
tial decrease followed by an increase (decreased from 0.043 to 0.016, then increased to
0.048 mol/m).

Table 4. Influent and effluent amounts of key species in the nitrogen cycling process of riparian zones
with varying temperatures.

Case Species Ajp (mol/m)  Agyt (mol/m) AA (mol/m) Npy (mol/m)
DO 0.220 0.022 0.198
) NO;~ 0.320 0.043 0.277
T=5°C NH,* 0.170 0.022 0.148 0.012
DOC 0.420 0.048 0.372
DO 0.220 0.043 0.177
) NO;~ 0.320 0.016 0.304
T=15°C NH,* 0.170 0.021 0.149 0.041
DOC 0.420 0.041 0.379
DO 0.220 0.017 0.203
) NO;~ 0.320 0.048 0.272
T=25°C NH,* 0.170 0.017 0.153 0.160
DOC 0.420 0.029 0.391

Higher temperatures significantly enhance nitrate removal quantities. As T rises from
5 °C to 25 °C, the Npy increases from 0.012 to 0.160 mol/m (Table 4). This substantial
increase is attributed to the elevated DN reaction rates (Figure 3). Comparatively, DN is
more sensitive to temperature variations than to DO fluctuations (Tables 3 and 4).

4. Discussion
4.1. Effect of DO in Nitrogen Remouval

In nitrogen cycling and removal mechanisms within river ecosystems, dissolved
oxygen (DO) and temperature are key environmental variables that significantly influence
nitrogen removal processes. Removal processes depend on several microbial-mediated
transformations, including nitrification, denitrification, adsorptive sedimentation, and
plant assimilation [65,66].

DO, as a direct participant in redox reactions, significantly influences the nitrification
process in rivers. Nitrification is an aerobic process consisting of two stages: ammonia oxi-
dation, performed by ammonia-oxidizing bacteria to convert ammonia to nitrite, and nitrite
oxidation, carried out by nitrite-oxidizing bacteria to transform nitrite into nitrate [67,68]. This
process is enhanced at higher DO levels, as an adequate supply of oxygen is essential for
the biochemical reaction [69]. Conversely, in river segments with low DO levels, nitrification
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may be significantly inhibited, resulting in ammonium accumulation, which adversely affects
water quality [70,71].

In denitrification, low DO concentrations create an ideal anaerobic environment [72].
Denitrifying bacteria utilize nitrates as electron acceptors instead of oxygen, reducing
nitrates to gaseous forms such as nitrogen gas or nitrous oxide, thereby releasing nitrogen
from the aquatic system into the atmosphere [73,74]. Consequently, enhanced denitrification
occurs in environments with reduced DO concentrations, facilitating nitrogen removal in
riverine systems [75].

In addition to directly influencing microbial-mediated nitrogen removal, DO indirectly
affects the nitrogen cycle by impacting photosynthesis rates in river ecosystems [76]. Pho-
tosynthesis can elevate DO levels in water bodies during the day and directly assimilate
nitrogen through plant growth [77,78].

Our findings indicate that changes in DO significantly affect nitrogen transport and
reaction processes in rivers. An increase in DO concentration within a certain range can
enhance the nitrification (NI) reaction rate and reduce the denitrification (DN) reaction
rate, potentially hindering nitrate removal throughout the river system. This trend is
supported by research conducted by Peng et al. [79], which demonstrated that the nitrogen
removal rate decreased from 50.65% to 35.22% when DO concentration was reduced
from 0.125 mol/m?3 to 0.03125 mol/m3. Research by O’Connor and Hondzo [15] and
Rysgaard et al. [80] suggests that high DO concentrations inhibit the activity of denitrifying
microorganisms in riverbed sediments, significantly affecting redox reaction production
and leading to changes in nitrogen form transformations.

4.2. Effect of Temperature in Nitrogen Removal

Temperature affects nitrification and denitrification by regulating microbial metabolism
and enzyme kinetics [81,82]. Increased temperature generally accelerates microbial metabolism,
thereby enhancing nitrification. However, when temperature exceeds the viable range for
microbes, excessive heat can suppress microbial activity, slowing nitrification [83]. For denitrifi-
cation, rising temperatures typically increase denitrification rates, as elevated temperatures
stimulate denitrifying bacteria’s physiological activities. However, under extreme temperatures,
enzyme inactivation may hinder denitrification, limiting nitrogen removal efficiency [84,85].

Within optimal temperature ranges, photosynthesis rates and plant growth increase,
promoting nitrogen removal [86]. However, extremely high temperatures may suppress
plant growth and photosynthesis, reducing nitrogen removal efficiency [87].

Our study shows that a temperature increase from 5 °C to 25 °C significantly boosts ni-
trification and denitrification. At 25 °C, compared to 5 °C, the peak nitrification rate increased
by 110-fold, denitrification by 25-fold, and final nitrogen removal by 13-fold. Mechanistically,
higher temperatures accelerate the metabolic rate and growth of denitrifying microorganisms,
facilitating nitrogen conversion [88,89]. It is crucial to recognize that the depth of chemical re-
action transport and solute dispersion does not directly indicate denitrification effectiveness.
For example, as the temperature rises, reaction rates increase, consuming solutes before they
penetrate deeper layers and hindering deeper reactions (Figure 3). Overall, the results show
enhanced nitrogen removal efficiency (Table 4). Thus, accurately assessing denitrification
effectiveness requires comprehensive quantitative analysis.

Our findings align with the HZ model proposed by Zheng et al. [47], which examines
nitrogen migration and transformation in the HZ across seven temperatures. The model
suggests that higher-temperature rivers exhibit stronger denitrification capacity than colder
ones; for example, nitrogen removal at 35 °C reached 48%, compared to 28% at 5 °C.

4.3. Limitations of This Study

In natural rivers, the delivery of dissolved oxygen (DO) to riverbanks is a complex
process, involving not only percolation from river water [90,91] but also replenishment
from the atmosphere and the unsaturated zone of riverbanks [92,93]. These three supply
pathways interact and may change their contribution sequence depending on environmen-
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tal factors [29]. For example, increased river flow speed or water levels raise the river’s
DO contribution and reduce contributions from the atmosphere and unsaturated zone [29].
The simplified model in this study does not consider these factors, nor does it account for
periodic temperature changes. Temperature can fluctuate significantly within 24 h, often
exceeding a 10 °C difference, impacting chemical reactions in riverbank zones and affecting
denitrification outcomes [48,94,95]. This study does not consider the interaction between
temperature and DO in nitrogen removal, despite the temperature’s effect on oxygen con-
centration. High temperatures reduce oxygen solubility and stimulate organic compound
mineralization, decreasing oxygen concentrations. Reduced DO at higher temperatures
can limit nitrification, while high DO levels at lower temperatures may not significantly
enhance nitrification rates [96-98].

5. Conclusions

Point bars are hotspots for nitrification and denitrification in riparian zones. DO and
temperature are key factors controlling nitrogen biogeochemical reactions. This study
developed a model to assess nitrogen transport and reactions in a river’s point bar under
varying DO and temperature conditions. The model considers three nitrogen transforma-
tion pathways: aerobic respiration, nitrification, and denitrification. This study analyzed
solute migration and chemical reaction patterns in a riparian zone with point bars during
river flow. The simulation results indicate that increased DO drives denitrification deeper
into the riverbank, enhances nitrification rates, and weakens denitrification, which is unfa-
vorable for nitrate removal in riparian zones. Increased temperature significantly enhances
denitrification, reduces nutrient penetration depth into the riverbank, and accelerates nitro-
gen transformation, markedly increasing nitrate removal in rivers. Future studies should
delve deeper into the intricate processes of DO provision, cyclical temperature variations,
and their collective impact on denitrification in riparian zones. The research outcomes
could enhance our understanding of nitrogen removal and water quality enhancement
in rivers.
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