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o A new space-time Damkohler (Da) framework based on coupled tracer-nitrate modeling
o Da reveals seasonal shifts from summer-processing to winter-transport dominance

. The upland arable areas are sensitive and impose pollution risks under drought

. The river-connected lowlands are processing hotspots and more resilient to drought

J Da space-time dynamics have implications for nature-based pollution control measures
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Abstract

Catchment-scale nitrate dynamics involve complex coupling of hydrological transport and
biogeochemical transformations, imposing challenges for source control of diffuse pollution. The
Damkohler number (Da) offers a dimensionless dual-lens concept that integrates the timescales
of exposure and processing, but quantifying both timescales in heterogeneous catchments
remains methodologically challenging. Here, we propose a novel spatio-temporal framework for
catchment-scale quantification of Da based on the ecohydrological modeling platform EcH>O-
iso that coupled isotope-aided water age tracking and nitrate modeling. We examined Da
variability of soil denitrification in the heterogeneous Selke catchment (456 km?, central
Germany). Results showed that warm-season soil denitrification was of catchment-wide
significance (Da >1), while its high spatial variations were co-determined by varying exposure
times and removal efficiencies (e.g., channel-connected lowland areas are hotspots). Moreover,
Da seasonally shifted from processing-dominance to transport-dominance during the wet-spring
season (from >1 to <1), implying important linkages between summer terrestrial denitrification
and subsequent winter river water quality. Under the prolonged 2018-2019 droughts,
denitrification removal generally reduced, resulting in further accumulation in agricultural soils.
Moreover, the space-time responses of Da variability indicated important implications for
catchment water quality. The older water in lowland areas exhibited extra risks of groundwater
contamination, whilst agricultural areas in the hydrologically responsive uplands became
sensitive hotspots for export and river water pollution. Importantly, the lowland pixels
intersecting river channels exhibited high removal efficiencies, as well as high resilience to the
disturbances (wet-spring Da shifted to >1 under drought conditions). The proposed catchment-
wide Da framework is implied by mechanistic modeling, which is transferable across various
environmental conditions. This could shed light on understanding of catchment N processes, and

thus providing site-specific implications of non-point source pollution controls.
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1 Introduction

Highly elevated nutrient levels in freshwaters are threatening the safe functioning of
ecosystems and the provision of ecosystem services across extensive areas (Richardson et al.,
2023). Further mitigations of such environmental problems focus on the difficult challenge of
identifying and managing non-point sources, €.g., particularly under the prolonged droughts in
Europe (Reusch et al., 2018; Yang et al., 2022). This inevitably requires advancing quantitative
understanding of how catchment hydrology and biogeochemical processes interact and change.
However, identifying and quantifying of complex transport-processing interactions at catchment

scales remain fundamentally challenging (Abbott et al., 2016).

Several integrating frameworks have been proposed to explicitly characterize and classify
transport-reaction interactions (Pinay et al., 2015). Amongst these, the widely used Damkdhler
number (Da) is defined as the ratio of exposure timescale (over which material has the
opportunity to be processed) and processing timescale (the time for biogeochemical processes to
reach equilibrium or substrate depletion) (Li et al., 2021; Oldham et al., 2013). Da is a
dimensionless metric that is spatially and temporally scalable, and more uniquely, it
quantitatively estimates the integration of nitrate transport and processing (Abbott et al., 2016).
However, to quantify both timescales remains methodologically challenging. Current
applications of the Da framework have been mostly restricted to steady-state groundwater
systems or riparian/hyporheic zones (Ocampo et al., 2006). Catchment-scale applications are
largely underexplored, particularly in terms of the space-time variability of Da (Oldham et al.,
2013). Building on the process-specific feature of Da concepts, here we focus on terrestrial
denitrification, because it is one of the dominant nitrate (NO3') removal processes that influences

catchment water quality (Pinay et al., 2015).

Acknowledging that hydrological processes are the first-order drivers of nutrient transport
through catchment landscapes, some recent catchment water quality models have been developed
based on advanced (eco-)hydrological platforms (Yang et al., 2018). However, many modeling
platforms focus on simulating the celerity of hydrological responses and do not explicitly
account for the velocities of water particles (Hrachowitz et al., 2016; McDonnell & Beven,
2014); consequently, the temporal dynamics of transport pathways affecting substances like NO3

and their exposure to biogeochemical transformations are either highly uncertain or not

3



84
85
86
87
88
89
90
91
92
93
94

95

96
97
98
99
100
101
102
103
104
105
106
107

108

109
110
111
112

113

considered explicitly in water quality modeling. To address this fundamental celerity-velocity
issue, stable isotopes of water (§2H and §180) are the most effective and popular natural tracers
used in hydrology research (Abbott et al., 2016). In addition to the complementary role for
improving model performance and process realism (Stadnyk & Holmes, 2023), isotope tracers
can be used to infer catchment transit times and water ages, serving as a potential link between
hydrology and water quality (Hrachowitz et al., 2016; Tunaley et al., 2016). Recent incorporation
of isotopic tracers in fully distributed (eco-)hydrological platforms offers the potential for better
representation of catchment heterogeneities in flow pathways and material transport. In
particular, the tracer-aided ecohydrological model EcH,O-iso (Kuppel et al., 2018; Maneta &
Silverman, 2013) features a flux tracking module that takes the water age, together with §2H and
5180, as generic tracers, thereby uniquely providing catchment-scale perspective of how water

ages vary in storage and flux dynamics (Yang et al., 2023).

Based on the EcH20-iso model platform, this study proposed a model-based, catchment-
scale Da integration framework. In addition to the isotope-aided water age tracking, we further
coupled a process-based NO5; module developed by Yang et al. (2018). Specifically, considering
the distributed N inputs (e.g., from agriculture activity), quantitative characteristics of NO3
residence and transport across the catchment were estimated from EcH>O-iso hydrological states
and fluxes. Meanwhile, the effective processing timescales of particular biogeochemical
transformations were concurrently derived from simulations of the NO; module. We examined
the spatio-temporal Da integration of terrestrial denitrification in the data-rich, heterogenous
Selke catchment (456 km?, central Germany), where the high NO3 concentrations in surface
water and groundwater are one of the major environmental concerns. This builds on earlier
applications of EcH20-iso (Yang et al., 2021, 2023) and NO; modeling (Yang et al., 2018) in
this catchment, particularly the respective understanding of the catchment ecohydrological and

NO3 dynamics under the disturbances of 2018-2019 droughts.

The overarching aims of this study were (a) to facilitate a fully distributed mechanistic
catchment modeling framework that benefits from information from both conservative tracers
and reactive nutrients, and (b) based on incorporation of Da concepts, to reveal the linkages
between catchment biogeochemical processes (here the denitrification removal), hydrological

transport and water quality. The specific research questions were:
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(1) How to facilitate the coupled mechanistic modeling and to evaluate model performance

based on multi-criteria calibrations?

(2) Based on the coupled modeling, how to quantify timescales of exposure and processing

at catchment scales?

(3) What are the spatio-temporal patterns of Da variations and how they respond to drought

disturbances?

The proposed model-based Da space-time analysis was anticipated to reveal landscape-
scale “hot spots” and “hot moments” of NO3 removal via denitrification, as well as their impacts
on catchment water quality. The insights would provide important implications for catchment

pollution controls, especially under the changing environments.
2 Study area and data

2.1 The Selke catchment and monitoring networks

The Selke catchment (456 km?) is located in central Germany (Figure 1a), with a
transitional landscape from headwaters in the Harz Mountains to the lowland plain. Along with
the elevation gradients (ranging from circa 600 m to 100 m), the catchment exhibits
heterogenous hydro-climatic conditions. Annual precipitation decreases from 790 to 450 mm,
and average annual temperature increases from 4.7 to 8.5 °C. The catchment geographic
properties are also highly heterogenous (Figure 1b and c): the hilly uplands occupied mostly by
forests with cambisols overlying shallow schist bedrock, while the flat lowland loess areas have
long been intensively cultivated primarily due to the highly fertile chernozem soils. Major crops
are rotated between winter wheat, winter rape-seed, and sugar beet, with typical N fertilizer

applications of 175, 190, and 96 kgNha~yr1, respectively (Yang et al., 2022).

The catchment is extensively equipped from multiple data monitoring initiatives (Figure
l1a). The hydrology and water quality gauging stations on the main Selke River (Hausneindorf-
HAUS, Meisdorf-MEIS and Silberhiitte-SILB), are operated by the State Agency for Flood
Protection and Water Management of Saxony-Anhalt (LHW) and Helmholtz-Centre for
Environmental Research (UFZ). These nested stations capture dynamics of flow and riverine

NO3 — N concentrations from heterogeneous sub-areas. The monitoring of stable isotopes of
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water (§2H and §80) was conducted by UFZ (Department of Catchment Hydrology), and water
samples were simultaneously taken from precipitation and stream water.
2.2 The multi-source data availability and pre-processing

Daily simulations were set-up for the study period during 2012-2020 (with 2010-2011 used

as the model warm-up period). Meteorological observations were collected from the German

Weather Service stations (DWD, https://opendata.dwd.de/climate_environment/CDC/, last
accessed 22" February, 2024) near the Selke catchment, including daily precipitation from 51
stations and daily meteorological elements (i.e., daily mean, maximum and minimum air
temperature; daily wind speed, and relative humidity) from 15 stations. The spatial modeling
resolution was set as 1 km x 1 km, and DWD meteorological data inputs were interpolated into
this resolution as gridded inputs. Radiation data were retrieved from the ERAS reanalysis with a

resolution of 0.25°x0.25° (Hersbach et al., 2018), due to the limited DWD observations.

At the three gauging stations, daily discharge was collected directly from LHW (Figure 1d,
https://eld.lhw-sachsen-anhalt.de/, last accessed 28 August, 2023). Continuous 15-min NO; —

N concentrations has been collected using the ultraviolet spectral sensor OPUS (precision of 0.03
mgl~! and accuracy of £2%; TriOS, Germany), from which daily NO3; — N concentrations were
derived (Figure le). The isotope monitoring was conducted during 2012-2018, including
monthly composite precipitation sampling at 27 sites in the larger Bode catchment (Lutz et al.,
2018). All of these precipitation isotope data were spatio-temporally interpolated to derive the
gridded daily inputs (1 km % 1 km). Seven precipitation sites located in the Selke catchment and
their §2H isotope observations were presented in Figure 1a and 1d, respectively. The sampling
points are mainly distributed in the upper mountainous part given the more heterogeneous
climatic and landscape conditions, compared to the flat, homogeneous lowlands. Moreover, this
study selected monthly grab sampled stream water isotopes from 5 sites (Figure 1d). Please refer

to Yang et al. (2023) for detailed input data processing in the Selke catchment.

Figure 1 near here

Figure 1. The Selke catchment and the multi-source data monitoring. (a) monitoring network and
DEM elevation above sea levels, (b) land covers, (c) soil types, (d) catchment average
precipitation, discharge at the outlet HAUS and isotopes of precipitation and stream water
samples at various sites, and (e) nitrate-nitrogen (NO3 — N) concentration observations at the
three major gauging stations. Note that precipitation deuterium (§2H) values in (d) are shown as

6
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monthly mean + standard deviation among the 7 Selke sampling sites. Subplots (a), (b) and (c)
are modified from Yang et al. (2023).

3 Method

3.1 The tracer-aided ecohydrological EcH,O-iso model

The EcH>O-iso model is process-based, tracer-aided ecohydrological model developed by
Maneta & Silverman (2013) and Kuppel et al. (2018). In each of the grid cells, the model
integrates modules of vertical energy balance, vertical and lateral water balance and vegetation
dynamics (deactivated in this study). The energy balance is solved for each vegetation type at
both canopy and land surface levels, from which evapotranspiration associated latent heat fluxes
were calculated. Evaporation is considered at the canopy and top-layer soil and constrained by
respective water storages. Plant transpiration is explicitly related to canopy conductance
properties. The stomatal conductance is calculated using a Jarvis-type multiplicative model, and
then upscaled to canopy conductance by leaf area index. The calculated transpiration flux is

derived from root water uptake in three soil layers.

The water balance is conceptualized based on a bucket-type approach (Figure Sla for a
schematic model structure). Vertical hydrological processes include precipitation, canopy
interception, snowpack/snowmelt, surface infiltration and further infiltrating into three soil
layers. A parsimonious conceptualization of deeper groundwater dynamics was added by Yang
et al. (2021) to account for deeper baseflow sources. Lateral water exchanges between cells are
considered as surface overland flow (from the surface ponding storage), subsurface interflow
(from gravitational soil water drainage) and baseflow (from the deeper groundwater storage).
Notably, EcH>O-iso implements an independent river mask in accordance to the actual river
network. This means only grid cells intersecting actual river channels (defined as channel-

connected grid cells) contribute to runoff generations and channel routing (Figure S1a).

The flux-tracking module is fully integrated into the water balance component of the model
(Kuppel et al., 2018). The generic tracer concentration is defined representing isotopic
composition of §2H and 6§80, as well as water ages. In each water storage, a full mixing
assumption is applied at the end of each time step. Thus, the outgoing fluxes have the same
tracer signals as their source storages. Isotopic fractionation is considered in the upper soil layer

based on the Craig-Gordon model (Craig & Gordon, 1965). Precipitation and throughfall enter
7
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into the system with the age of zero, and all ages increase by one time-step at end of each model
time step. Detailed model descriptions and adaptations are referred to previous publications

(Kuppel et al., 2018; Maneta & Silverman, 2013; Yang et al., 2021, 2023).

3.2 The catchment NO; model and the denitrification calculation

We further loosely coupled EcH20-iso with catchment water quality modeling (particularly
NO3). The fully distributed EcH2O-iso platform was adapted to account for the spatial variability
in NOj3 inputs (e.g., due to different agricultural activity). Moreover, EcH20-iso simulated water
fluxes and state variables were used to drive NO3 transport and storage patterns across
hydrological compartments (see Figure S1b). NO3 balances and conceptualizations of
biogeochemical transformations were introduced from the work of Yang et al. (2018) and
implementation in the Hydrological Predictions for the Environment-HYPE model (Lindstrom et
al., 2010). Potential crop/plant N uptake is calculated using a three-parameter logistic growth
function and partitioned into three soil layers according to root distributions. The actual uptake N
amount is further constrained by soil water and N availability in each layer. N inputs from
fertilizer/manure applications and plant residues are added to the top two layers (with the depth
of 0~0.5 m). Four pools of soil N forms are defined for each soil layer, including dissolved pools
of inorganic and organic nitrogen and solid pools of active and inactive organic nitrogen (Figure
S1b). Terrestrial biogeochemical transformations are considered as denitrification removal,
mineralization from organic to inorganic pools, dissolution equilibrium between dissolved and
solid organic pools, and immobilization from inactive to active organic pools. In-stream nitrate-
related transformations includes permanent removal via denitrification, temporary assimilatory

uptake and the reverse re-mineralization.

As a process-based model, biogeochemical transformations are conceptualized according to
the availability of sources and impacts of bio-environmental factors. The latter are often
quantified in two ways: empirical functions for well-understood factors (e.g., temperature
effects) and calibrated model parameters. For example, the amount of NO; removed out of soil
storage by the denitrification process, R, (kgNha=1d™1), is calculated following the non-linear

kinetics:

Rp =71p " fsr " fsm " fsmc " Sn (D
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where 7, denotes the reaction rate as a model parameter (d~1); Sy denotes the soil NO3 storage
(kgNha™); fer, fsu and fsyc denote efficiency functions of soil temperature, soil moisture

and soil NO3 — N concentration, respectively (Lindstrom et al., 2010).

From previous modeling in the Selke catchment, large-scale EcH>O-iso simulations are less
successful at capturing isotopic signals in relatively wet years with higher influence of overland
flow contributions (Yang et al., 2023). This is likely due to significant, but unknown, mixing
between top-layer soil water and surface overland flow (Shi et al., 2011). Therefore, we
parsimoniously introduced a mixing ratio (7;,,, as a model parameter) to adjust the solute
concentrations of surface overland flow: 7, * Crs0i + (1 — 73,) Csrp (Where Crgoyy and Cyr-r denote
solute concentrations of the top-layer soil water and surface overland flow, respectively). This

mixing adjustment was applied to both tracer and NO3 calculations.

3.3 Model parameterizations and the step-wise multi-criteria calibration

For the coupled modeling, the EcH20-iso parameters were assigned as either land cover or
soil type dependent, and the nitrate module parameters were assigned as land cover type
dependent and further simplified as agricultural and non-agricultural types. Sensitivity analysis
has been previously conducted using the Morris method in the study catchment (Yang et al.,
2018, 2023). Therefore, here we adapted the most sensitive parameters (listed in Table S1) and

involved them in multi-criteria calibrations.

In accordance to the informal coupling strategy, the multi-criteria model calibrations were
conducted step-wisely (see schematic diagram in Figure S2). The EcH>O-1so model was firstly
calibrated using the Monte Carlo based method (Ala-aho et al., 2017) against discharge and
isotope observations from multiple sites, and the best 1000 runs were selected (out of 400 000
random sampling). Model performance metrics are Kling-Gupta Efficiency coefficient (KGE)
and percentage bias (PBIAS) for discharge and Mean Absolute Error (MAE) for isotopes.
Secondly, each of the 1000 EcH20-iso best runs was used to drive the NO3 module, and the
Dynamically Dimensioned Search method (Tolson & Shoemaker, 2007) was used to calibrate
parameters of the NO3 transformations. As such, the NO3 performance metrics were obtained

accordingly (i.e., 1000 KGE values at each station). Finally, all of the 1000 metrics of discharge,
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isotopes and NO3 — N concentrations were considered together to select the common best 100

runs. Details on the calibration methods and schemes are provided in Text S1 and Figure S2.

3.4 The model-based Da integration of the terrestrial denitrification process

The coupled mechanistic modeling provides explicit spatio-temporal information of age
tracking and NO3 transformations, providing unique potential for a dual-lens analysis between
hydrological and biogeochemical processes. The Da framework has been extensively used for

the exposure-processing integration of specific processes, as following Oldham et al. (2013):

Da =£ )

TR

where Da is the dimensionless Damkohler number; T denotes the generalized exposure
timescales and 7; denotes the processing timescales. Specifically, when Da<1, NO3 transport is

more dominated; when Da>1, NO; will have plenty of opportunity to be denitrified.

As suggested by Oldham et al. (2013), this generalized Da concept can be applied to various
regimes of advection- and diffusion-dominance, as well as hydrological disconnection. Thus, the
modelled soil water ages are a proxy for residence times under various hydrological conditions;
furthermore, they can be assumed to be equivalent to exposure times of dissolved NO3 to soil
denitrifiers. For 7z, we adopted the concept of effective processing timescale (i.e., derived from
model or experimental fitting under various conditions(Oldham et al., 2013)), and used the

calculation as follows:

=" )

R
SN
where values of R, and Sy (Eq. (1)) can be derived from the calibrated simulations. Note that the
model calculated the above information separately for each soil layer. Thus, the whole-profile
water ages were averaged with weights of each-layer water volumes, and both R, and Sy were

summed from all layers. Moreover, both 7z and 7 can be obtained for each model grid cell at

each time step, thereby enabling an explicit spatio-temporal Da analysis.
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4 Results

4.1 Performance of the coupled mechanistic modeling

Based on step-wise multi-criteria calibration, the model performances of discharge,
isotopes and NO; — N concentrations were all reasonably good (Table 1 and Figures S3-S5).
With overall KGEs >0.48 among all stations, discharge simulations captured the flow dynamics
in terms of seasonal and inter-annual variability; particularly, the prolonged low-flows during the
2018-2019 droughts were reasonably reproduced (Figure S3). The isotope simulations also
performed reasonably well at all sampling sites, with MAEs of §2H mostly < 4%o at the
upstream sites and around 6.5%o at the outlet HAUS. The highly damped temporal patterns of
stream water isotopes were also well reproduced; more importantly, the isotope-informed stream
water age estimates exhibited seasonality and inter-annual variability that were consistent with
catchment characteristics (Figure S4). For example, spring high-flows generally exhibited
younger ages (< 1.0 year) than summer low-flows (3-4 years), and the normal years 2013-2017
exhibited much younger ages than the drought 2018-2019 (>5 years).

Driven by the EcH>0O-iso water fluxes, simulations of riverine NO3 — N concentrations
also performed well. The goodness-of-fit metrics were consistently good at all stations, with
KGE and MAE means being > 0.50 and < 0.60 mgl™?, respectively (Table 1). Moreover, the
model nicely reproduced the observed seasonal patterns at each station (although missed some of
the winter high values), as well as the upland-lowland differences (Figures 1e and S5).
Particularly at the outlet HAUS, NO; — N concentrations exhibited complex changing patterns,
representing dynamic loading contributions from the upper forested areas (gauged by the MEIS
station) and the lowland intensive agricultural areas (where groundwater NO3 — N concentration
can be higher than 10 mgl~1, from LHW measurements). Note that our simulations captured the
increases of river NO3 — N concentrations but notably underestimated the observed peaks
during the wet season after the extreme drought in 2018 (Figure S5).

Table 1 near here

4.2 Spatio-temporal timescales of exposure and denitrification processing

The estimated soil water ages (i.e., the exposure times 75) showed high spatial variability

(Figure 2). The upland forested mountains exhibited much younger ages than the lowland arable

11
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areas, primarily due to the upland-lowland hydro-climatic contrasts (i.e., semi-humid versus
semi-arid climates and hilly-mountainous flashy versus low-gradient steady flow regimes (Dupas
et al., 2017)). Moreover, the lowlands exhibited scattered spots with soil water ages >1500 days.
The whole-profile averaged ages did not show significant seasonal differences (the ANOVA test
p values > 0.1, Figure 2a-d). The soil water ages demonstrated different responses to the
prolonged 2018-2019 droughts, though the upland-lowland contrasts were maintained (Figures
2e-h and 2i-1). In the uplands, the ages were extensively younger than the normal years during
the wet (January-March) and drying seasons (April-Jun), primarily due to relatively higher soil
water replenish rates after severe soil-water storage depletion under droughts; but the pattern
shifted to be generally older than normal years during the dry (July-September) and drying
seasons (October-December). The whole lowland areas showed age increases in all seasons, with
the old-aged areas (>1500 days) exhibiting up to more than 500 days of increases. Moreover, the
old-aged areas expended largely under droughts.

Figure 2 near here
Figure 2. Spatial distributions of profile-averaged soil water ages in different seasons in the
normal years 2012-2017 (a-d), the drought years 2018-2019 (e-h), and their age differences (i-1).
All values are based on the means of the best 100 runs, and the annotated values of mean +
standard deviation are derived from drainage areas above station MEIS (Upland) and between
MEIS and HAUS (Lowland).

The denitrification processing time scales (tg) also exhibited spatio-temporal variations
(Figures 3 and S6), while exhibiting less upland-lowland contrasts compared to denitrification
removal rates (Figure S7) and soil NO3 stocks (Figure S8). In the normal years (Figures 3a and
S6a), T was the lowest during the warm seasons (July-October), which also exhibited the lowest
spatial variance. This well indicated the strong denitrifying activity under less constraints of
temperature and water conditions. Due to the seasonal cycling of the temperature constraint,
catchment-wide 7 increased to the highest in the coldest February and then starting to decrease
as temperature increasing. Accordingly, the spatial variability of Tz was enlarged (as indicated
upland-lowland differences of means). Particularly, the lowland old-aged (Figure 2a-d) and
channel-connected areas exhibited consistently low values and seasonal variations of tp,

indicating more robust and active denitrification removal. The prolonged 2018-2019 droughts

12



344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359

360

361
362
363
364
365
366
367
368
369
370
371
372

have induced substantial impacts, that 7 increased substantially during the warm season
throughout the catchment (Figures 3b-c and S6b-c). This is primarily caused by the largely
reduced denitrify activity under strong water constraints (particularly in July-September, Figure
S7b). The most dramatic changes occurred in the upland forests, which exhibited substantial 74
increases since April, the beginning of the drought development. The impacts were further
enlarged during the driest July-August (e.g., Tz became mostly > 1500 days), coincident with the
extremely decreased denitrification rates (almost by 100%, Figure S7¢). In contrast, the upland
agricultures exhibited much moderate 75 increases throughout the warm season. The overall
drought impacts were much relaxed from October as the catchment gets seasonally rewetted, and
the T during the wet season was relatively shorter than that of the normal years. This primarily

due to the slightly stimulated denitrification, although the absolute rates were small (Figure S7b).

Figure 3 near here
Figure 3. Spatial distributions of monthly averaged processing times of soil denitrification (Eq.
3) during the normal years (a), the drought years (b) and their differences (c). Results of all 12

months are shown in Figure S6.

4.3 The spatio-temporal Da distributions and the changes under droughts

The integrated Da values exhibited high spatio-temporal variations, which also evolved
differently in response to the prolonged droughts (Figures 4 and S9). In the normal years
(Figures 4a and S9a), Da values were homogeneously >1 during the warm season when
denitrification is mostly active. Moreover, the Da spatial distributions reflected both upland-
lowland contrasts and the lowland variability, which are more in accordance to water ages
(Figure 2) and processing times (Figure 3), respectively. The uplands exhibited relatively
reduced Da ranges compared to the lowlands, and the latter exhibited areas with high Da values
(i.e., reached up to >10 in old-aged and channel-connected areas), which were further
consistently higher than other normal agricultural lowlands, where Da values were mostly less
than 3. In general, obvious seasonal patterns were apparent, i.e., Da decreased during the
rewetting November-December, gradually to be <1 during the wettest months, and then

increased and shifted to be homogeneously >1 as the catchment becomes drying again. Notably,
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the timing of Da shifts was likely earlier in the lowlands than the uplands (e.g., after April and
May, respectively, Figure S9).

The space-time Da distributions responded differently to the prolonged droughts (Figures
4b-c and S9b-c). The lowland Da showed a similar seasonal pattern to the normal years, while
with decreased Da values during the driest July-September (Figure 4b-c). However, the upland
Da emerged contrasting responses between the forests and the arable lands. The forests exhibited
extended durations of Da<1, and particularly, Da exhibited shifts from the normal-year >1 to the
drought-year <1 during warm seasons (Figures 4a-b and S9a-b), primarily due to higher
increases of processing times than those of water ages (Figure 3¢ vs Figure 2j-k). However, Da
in the upland agricultures continued to be >1, although they also decreased. In terms of relative
Da changes (Figure 4c), there were catchment-wide decreases during the major drying-dry
seasons (being directly impacted by the droughts), whereas increases were substantially observed
during the relatively wet December-February.

Figure 4 near here
Figure 4. Spatial distributions of monthly averaged Damkohler number (Da) during the normal
years (a) and the drought years (b), as well as Da relative changes (c). Results of all 12 months

are shown in Figure S9.
5 Discussion

5.1 The coupled catchment modeling of conservative isotopes and reactive NO; — N

dynamics

This study proposed a framework for fully distributed, mechanistic catchment modeling
that couples tracer-aided ecohydrological and water quality simulations. The coupled modeling
benefits from the advantages of the EcH20O-iso model in terms of comprehensively representing
the heterogeneity of catchment storage-flux interactions (Maneta & Silverman, 2013) and
incorporating isotopic tracers for age tracking (Kuppel et al., 2018). Such methodological
advances have been shown to be effective tools for constraining model performances in larger
catchments (Smith et al., 2021; Yang et al., 2023). The seasonal patterns and inter-annual
dynamics of discharge and stream isotopes (Section 4.1 and Figures S3 and S4) were in line with
previous EcH>0-1so modeling by Yang et al. (2023), who also explicitly demonstrated that the

inclusion of isotopes in calibrations derives reasonable seasonal patterns of water ages (as shown
14
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in Figure S4). Notably, this study improved isotope performances during the wetter years of
2013-2014 (Table 1 and Figure S4) by parsimoniously considering the solute mixing between
surface overland flow and top soil water (Shi et al., 2011). We acknowledge that such small-
scale, non-linearity in overland flow and solute mixing are very challenging to be captured in
larger-scale modeling (Yang et al., 2023). Future research needs to advance physical
understanding at small scales and further address the scaling issues (Ke & Zhang, 2024).
Moreover, more detailed isotope tracer or NO; — N data will be helpful to further constrain
these processes at larger scales (e.g., using daily or sub-daily measurements for process
conceptualization and parameter calibration).

Tracer-aided (eco-)hydrological modeling can provide more realistic runoff partitioning
and internally consistent catchment storage-flux interactions (Stadnyk & Holmes, 2023). A more
reliable basis for representing hydrological fluxes and storage states are an essential prerequisite
for catchment reactive solute modeling, which superimposes complex biogeochemical processes
for water quality simulations. Moreover, the fully distributed structure can accommodate spatial
variability of NO3 inputs and relevant environmental factors. The overall performance of river
NO3 — N simulations was comparable to Yang et al. (2018), where NO; dynamics are driven by
a different hydrological model. Note that the observed spring concentration peaks after the
drought 2018 were much-increased (up to 6.0 mgN[~1), primarily due to the mobilization of
further accumulated soil N from 2018 droughts (Winter et al., 2023). This is supported by our
simulations of soil water concentrations in upland agricultural areas, which reached up to >7.0
mgN1~! in December 2018 (not shown), although the observed riverine high concentrations
were missed. As an initial step of catchment integration of conservative and reactive solutes, this
study adopted only loosely coupled models and the two-step calibration strategies (Section 3.3)
to avoid time-consuming coding. We acknowledge that the nitrate model performance
(particularly during winter and drought years) could be further improved if the information
content of daily NO3 — N data can be used to constrain flow dynamics under the high-flow
and/or non-stationary drought conditions. Moreover, given the overall complexity of the coupled
modeling system, future calibration efforts (e.g., considering the equifinality issue) should be

advanced to improve the model performance and reliability.
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5.2 Catchment-scale quantifications of nitrate exposure and processing timescales

One of the key objectives of this study was to address the challenges of applying Da
concepts for heterogeneous, large-scale catchments (Kumar et al., 2020; Li et al., 2021). This
study, for the first time, facilitated model-based inferences of both timescales and particularly
focused on denitrification process and its impacts on catchment water quality.

Being fully integrated into water balance calculations, water ages of each storage and flux
can be uniquely inferred from the EcH20-iso flux tracking (Kuppel et al., 2018; Smith et al.,
2021; Yang et al., 2023). For the soil domain, the inferred soil water ages can be a proxy of
residence times of soil water and NO3 solutes therein. Given the continuity in the modeling, this
also provides an index for potential contact times for dissolved NO3 to be denitrified. Thus, the
soil water ages fitted well to the concept of the exposure timescale (Frei & Peiffer, 2016;
Oldham et al., 2013). More importantly, the fully distributed model structure enabled a spatial
representation of the exposure times (Figure 2). Of course, the distributed exposure times can be
explicitly inferred through particle tracking approaches (Frei & Peiffer, 2016), while to
determine whether the biogeochemical turnover of interest is stimulated or suppressed along with
the particle transport pathways will always remain challenging and highly uncertain for real
systems (Frei & Peiffer, 2016). Therefore, we view the coupled-modeling approach, with
Eulerian based flux tracking, used here to be a “middle-path” inference of the spatial exposure
timescales.

Quantifying catchment-scale processing times of denitrification is even more challenging.
First, natural catchment conditions are more complex than laboratory experiments that assume
full exposure to reactants, thus the actual processing times could significantly differ from
intrinsic processing times usually derived from the latter (Oldham et al., 2013). On the other
hand, catchment models are advantageous in capturing the space-time variability of controlling
environmental conditions of denitrification process, but they often do not explicitly simulate
microbial dynamics (Boyer et al., 2006). Thus, the characteristic processing times cannot be
inferred directly from kinetic theories (e.g., the common assumption of first-order kinetics).
Here, we proposed an approach that directly estimates information of processing timescales
using the modeled information (Eq. 3). The derived processing time represents the time it would
take for denitrification rates to proceed to soil NO3 depletion at each time step (Li et al., 2021).
The estimated space-time patterns of processing times (Figure 3) were reasonably in line to
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general understanding of denitrification characteristics (Seitzinger et al., 2006). Moreover, it is
virtually equivalent to the inverse of denitrification removal efficiency, which has shown to be
correlated to Da (Ocampo et al., 2006), thus it fitted well to the Da framework for catchment-

scale integrated transport-processing analysis.

5.3 Space-time Da integrations of denitrification removal: insights into the linkages to

catchment water quality and implications for management

Here we enabled explicit Da distributions throughout the catchment. Rather than the exact
magnitudes of Da that may be more sensitive to model uncertainties (as discussed in Section
5.1), we were particularly interested in the space-time patterns of Da under different seasons and
climatic conditions (Figures 4 and S9).

During conditions of normal-years between June-October, when denitrification is
potentially most active, Da was consistently >1 (Figures 4a), supporting that the actual
denitrification was significant in regulating catchment NO3 dynamics for both upland forests and
lowland agricultural areas. Notably, the lowlands exhibited substantial areas with Da>5, which
are more extensive than the areas of older water (>1500 days in Figure 3); the emergent extra
areas aligned well with locations of lowland channel network with relatively low processing
times (Figures 2c-d, 3a and 4a). These low processing times were more due to the simulated
year-round low soil NO3 stocks (Figure S8a). Such low stocks can be co-resulting from (1) the
continuous supply of NO3 export to river channels (EcH20-iso only allows terrestrial exports
from channel-connected grid cells) and (2) more active removal by denitrification especially
during the wet-dry transition in May and November (Figure S7a). In the uplands, although
exposure times were much shorter, Da values were homogeneously >1, with scattered high-
values in non-channel forested areas (Figure 4a). Generally, the upland denitrification was
strongly limited by soil NO3 sources availability (Dupas et al., 2017), resulting in much shorter
processing times compared to the exposure times. However, once this source constraint was
relaxed in agricultural areas, the significance of denitrification reduced, as reflected by slightly
lower Da values compared to forests. In other words, these agricultural spots are potentially
high-risk areas of NO3 accumulation; this further implies that agricultures could be NO3 export
hotspots in such flashy uplands and should be cautiously managed, e.g., with reduced fertilizer

applications and increased buffer space before exporting to rivers. Overall, the spatial variability
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of the warm-season Da values revealed that the significance of denitrification was not only
reliant on sufficient exposure of NO3 to denitrifiers, but also the removal efficiency.

Due to the strong seasonality in both catchment hydrology and denitrifier activity, Da
showed clear seasonal patterns (monthly averaged spatial distributions in Figures 4 and S9, and
daily variations of typical grid-cells in Figure 5). The overall Da seasonal changes indicted the
general shifting balance between NO3 processing (Da>1) and transport (Da<1) in dry summers
and wet springs, respectively. Meanwhile, such seasonal shifts showed substantial spatial
variations. First, the flashy uplands experienced a longer period of Da<1 that persisted to May,
while the lowland Da shifted to >1 in March (Figures 4a and 5). In other words, catchment NO3
transport during wet-spring seasons was of much more relevance in the uplands than the
lowlands. This explains why the high NO3 loading (as well as riverine concentrations) during
high-flow seasons are mostly contributed from the uplands (Figures S5), although the
agricultural lowlands are extremely enriched in N. Second, in the homogeneous agricultural
lowlands, Da showed contrasting seasonal variations that are also coincide with the warm-season
spatial distributions. The high-Da areas with older soil water exhibited year-round Da>2,
indicating a much lower influence of hydrological connectivity even during wet seasons.
Compared to non-channel areas, lowland channel-connected areas exhibited consistently higher
Da values (due to shorter processing times as shown in Figure 3a), forming year-round hot spots
of denitrification removal.

Figure 5 near here
Figure 5. Averaged daily Da variations in various typical landscapes in the normal (2012-2017)
and the drought (2018-2019) conditions. Two grid cells for each landscape type were selected
and their locations were shown in Figure S10).

The prolonged droughts of 2018-2019 provided an opportunity to unravel catchment
responses to climatic conditions that are expected to become more common in future (Figures
2e-h, 3b, 4b and dashed lines in Figure 5). During the warm seasons in the drought, the uplands
experienced dramatic Da decreases, of which agricultures approached ~1 and forests shifted to
«1. This is caused by the extremely depleted soil water availability (supported by local soil
moisture data, as shown in Yang et al. (2021)), which constrained the anaerobic denitrification.
Particularly for forests, the water constraints were superimposed on the source limitations,

thereby resulting in extremely long processing times. The lowland also exhibited extensive Da
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decreases, indicating reduced dominance of removal processing due to denitrification being
further water-limited. This resulted in extensive soil NO3 accumulations in lowland agricultures
(Figure S8b). Moreover, it is likely that areas with high normal-year Da exhibited higher
proportional decreases (e.g., more than 50% in the old-aged areas in July-September, Figure 5);
consequently, these areas experienced more significant increases in soil stock (e.g., nearly
doubled in November-December, Figure S8c). These drought sensitive “hot spots” are likely
imposing high risks of groundwater contaminations, and thus are potential priorities for
catchment management.

In addition, Da patterns during drought rewetting and wet seasons were largely maintained
(i.e., Da generally reverted back to similar levels to those of normal years), indicating that
catchment transport reestablished its dominance. This further means that the drought impacts on
terrestrial denitrification would be eventually transmitted to river water quality. In fact, we did
observe the elevated riverine NO3 — N concentrations during January-March of drought years
(ca. 6 mgNI~1, Figure S5). Although the observed peak riverine concentrations were missed, the
simulated soil water NO; — N concentrations of the upland agricultures reached to be >7.0
mgl~! in 2018 December (results not shown), which would be flushed out to rivers during the
following transport-dominant seasons. Therefore, the upland agricultural areas are particularly
high-risk hot spots for high terrestrial NO3 exports under droughts. The lowland channel-
connected areas exceptionally exhibited Da shifting to above 1 during January-February under
droughts (Figure 5). This suggests that these areas not only exhibit high terrestrial denitrification
removal efficiencies under normal conditions, but also prevent extra diffuse source exports under
droughts, showing higher resilience to environmental changes. Moreover, these areas often
associate with riparian/hyporheic zones, where the land-water interfaces are important
biogeochemical hotspots benefiting catchment environments (Englund et al., 2021). This
strongly implies that such a landscape type could play critical role on catchment environmental
management under changing climates, and thus, promising pollution control measures could be

to increase the lowland river connectivity with restored riparian wetlands.

6 Conclusion

Catchment-scale nutrient dynamics involve complex interactions between hydrology and

biogeochemistry, thus requiring a dual-lens approach that integrates both exposure and
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processing timescales. Using Da concepts, this study proposed a novel spatio-temporal
framework for Da quantification in relation to soil denitrification based on a coupled mechanistic
modeling of isotope-aided water age tracking and NO3 turnover. The Da values revealed the
general significance of denitrifying activity during dry-summer seasons, and particular hot spots
included agricultural areas in the flashy uplands and channel-connected areas in the flat
lowlands. Moreover, Da seasonal patterns demonstrated a systematic shift to transport
dominance during wet-spring seasons, implying that terrestrial denitrification impacts on river
water quality are mediated by hydrological connectivity. Importantly, the space-time changes of
Da under droughts helped identify high-risk “hot spots” of catchment water pollution whilst also
identifying less-sensitive areas exhibiting high resilience to environmental changes. These
insights into integrated hydrological and biogeochemical dynamics have important implications
for modern nature-based catchment non-point source pollution control, e.g., through
implementing buffer zones in risky uplands to prevent high N-export and increasing lowland
river connectivity with restored riparian wetlands along lowland rivers to increase
biogeochemical N removal. In addition, the proposed catchment Da framework is
methodologically transferable to other processes of interest and to other regions under various

climate and landscape conditions.
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Table 1 Click here to access/download;Table (Editable version);Table 2
1.docx

Table 1. The coupled model performance based on the multi-criteria, multi-site calibrations.
Mean + Standard Deviation values were calculated among the best 100 runs. KGE — Kling Gupta
Efficiency, PBIAS and MAE — the mean percentage bias and mean absolute errors, respectively,
between the simulations and observations.
Data type Metric HAUS MEIS SILB MM KB
KGE [-] 0.48+0.056 0.524+0.076 0.69+0.051 - -

PBIAS [%] 22.78£9.06 17.91£9.19 15.54+8.54 - -
Isotope 62H  MAE [%o]  6.44+0.64 2933036 3.11+0.38 3.08:0.28 3.87+0.36
NO; — N KGE[-]  0.520.049 0.570.060 0.64=0.044 - -
concentration MAE [mgl~] 0.53£0.056 0.58+0.045 0.60+0.048 - -
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