
1. Introduction
Agricultural nitrogen (N) pollution has become the major pressure on inland and coastal aquatic ecosystems 
(Reusch et al., 2018; Van Meter et al., 2018). Meanwhile, agricultural intensification remains one of the main 
strategies to satisfy increasing global food demand (Chukalla et al., 2020; Schils et al., 2018). Overarching poli-
cies for sustainable development are increasingly calling for better reconciliation of agricultural interests with 
environment protection needs and further development of cost-effective and targeted measures, especially under 
changing climatic conditions (EEA, 2020a, 2020b; Reusch et al., 2018).

In agricultural research, budget methods are commonly used to assess nitrogen use efficiencies and potential 
environmental impact (Cassman et al., 2002). The latter is often indicated by N surplus (input minus output) and 
assessed based on readily available data from the farm gate to national scales (Eurostat, 2013). The budgeting 
methods provide a clear evidence base of complex relationships between agricultural activities and environmental 
responses and therefore are particularly favorable for communicating to policy makers (Cherry et al., 2008; Zhang 
et al., 2020). However, in addition to potential uncertainty embedded in data acquisition (Oenema et al., 2003), 
it is well recognized that budget calculations only provide estimates of potential N losses, and their credibility 
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is largely restricted to site-specific assessment stages, potentially lacking transferability across spatio-temporal 
scales (Cherry et al., 2008; Zhang et al., 2020).

Catchment science provides complementary information on N dynamics and actual N loss pathways in catch-
ment systems. Many process-based catchment water quality models have been proposed with continuously 
improved representations of multi-scale processes and their spatio-temporal variability (Rode et al., 2010; Wellen 
et al., 2015; Yang et al., 2018). Moreover, spatially differentiated catchment N responses to climatic variability and 
agricultural management practices can be further investigated. However, due to poorly understood mechanisms 
of crop/plant N-uptake (Fatichi et al., 2016), catchment models typically employ highly simplified approaches in 
conceptualizing the potential N-uptake (e.g., using the logistic growth function (Lindström et al., 2010), or relat-
ing to biomass calculations according to optimal N contents (Arnold et al., 1998)). The parameterization is often 
generically determined as a static boundary condition and excluded from further modeling evaluations (Rode 
et al., 2010). Specifically for N-fertilization, its effects are often taken as relaxing soil N constraints, while over-
looking the enhanced effects on crop growth rates and agronomic yields that are evidenced from experimental 
data (Gastal & Lemaire, 2002; Merbach & Schulz, 2013). As such, catchment water quality modeling is generally 
weak in capturing crop growth and yield variations in correspondence to different fertilization practices. This 
further hinders its integration with budget-based assessments.

Here, we argue that agricultural advances should be better integrated into catchment modeling and that bridging 
N-budget assessment and water quality modeling is increasingly necessary for evaluating targeted measures at 
larger scales. In this study, we parsimoniously extracted crop N-uptake information using agricultural fertilization 
experimental data and further integrated this into a catchment diffuse-N model (the mHM-Nitrate model (Yang 
et al., 2018)). With the improved modeling, we implemented an integrated analysis of N-budgets and N-mod-
eling in the highly heterogeneous Selke catchment (456 km 2, central Germany). The objectives of this study 
were as follows: (a) to upscale the experiment-data informed approach to the catchment scale and to validate its 
performance based on available survey data; (b) to illustrate dominant agri-environmental processes and their 
spatio-temporal dynamics at scales from arable fields to the whole catchment; and (c) to estimate agricultural 
N-budgets and catchment responses under varying climate, landscape and management conditions. The interdis-
ciplinary integration of data and methods could provide insights into catchment agri-environmental functioning 
and management implications for further targeted measures with associated impacts of the changing climate.

2. Materials and Methods
2.1. The mHM-Nitrate Model and Crop N-Uptake Process Descriptions

The grid-based catchment hydrological and nitrate model (Yang et al., 2018; Yang & Rode, 2020 ) is developed 
based on the hydrological platform mHM — the mesoscale hydrological model (Kumar et al., 2013; Samaniego 
et  al.,  2010). Nitrate process descriptions are mainly introduced from the widely used HYPE (Lindström 
et al., 2010) and INCA models (Wade et al., 2002), with specific implementations for spatial distributions of crop 
rotation. Advanced process descriptions and the flexible multi-scale structure ensure the model representations 
of spatial heterogeneity that are induced by natural conditions and anthropogenic activities (Yang et al., 2018, 
Yang, Jomaa, Bütter, & Rode, 2019). The model structure and parameters are briefly described in Supporting 
Information (Text S1 and Table S1 in Supporting Information S1).

Following the SOILN method implemented in the HYPE model (Lindström et al., 2010), a three-parameter logis-
tic function is used to estimate the accumulation of potential N-uptake 𝐴𝐴 𝑃𝑃𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢, 𝑢𝑢𝑘𝑘𝑘𝑘𝑘𝑘𝑘−1𝑦𝑦𝑦𝑦−1 during the growing 
season:

𝑃𝑃𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = ∫
𝐷𝐷𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷𝐷𝐷

𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑑𝑑𝐷𝐷 (1)

𝑝𝑝𝑢𝑢𝑝𝑝𝑢𝑢𝑢𝑢 = 𝑢𝑢𝑝𝑝1 ⋅ 𝑢𝑢𝑝𝑝2 ⋅ 𝑢𝑢𝑝𝑝3 ⋅
ℎ𝑒𝑒𝑒𝑒𝑝𝑝

(𝑢𝑢𝑝𝑝2 + ℎ𝑒𝑒𝑒𝑒𝑝𝑝)
2

⋅ 𝑈𝑈𝑈𝑈 

ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = (𝑢𝑢𝑒𝑒1 − 𝑢𝑢𝑒𝑒2) ⋅ 𝑒𝑒−𝑢𝑢𝑒𝑒3⋅𝐷𝐷𝐷𝐷𝐷𝐷 
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where puptk denotes the daily potential uptake between the date of sowing (DOS) and the date of harvest (DOH); 
up1, up2 and up3 denote the logistic-function parameters; DAS denotes the number of days after sowing. With 
the unit transform constant (UT = 10), parameter up1 is equivalent to 𝑃𝑃𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢. The actual daily crop uptake (𝑎𝑎𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢) for 
each soil layer is further limited by the soil water factor (fsm) and Nitrate-N pool (INpool):

����� = min (�����, ��� ⋅ ������) (2)

where fsm = 𝐴𝐴

⎧
⎪
⎨
⎪
⎩

(𝑠𝑠𝑠𝑠 −𝑤𝑤𝑤𝑤)∕𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠 𝑠 𝑤𝑤𝑤𝑤

0𝑠 𝑠𝑠𝑠𝑠 ≤ 𝑤𝑤𝑤𝑤

 represents soil water constraint, depending on actual soil moisture (sm) 

and the wilting point (wp).

2.2. Potential N-Uptake Responses to Fertilization

The most crucial challenge is to determine � ���� under specific fertilizer applications. Empirical curve-style 
methods are commonly used to extract crop physio-agronomic characteristics based on agricultural fertilization 
experiments (Cerrato & Blackmer, 1990; Reid, 2002). Likewise, we propose a parsimonious method of estimat-
ing � ���� as the sum of the potential uptake under zero fertilizer (�0����) and the increase of potential uptake (∆P) 
under different fertilizer levels (Nfert):

� ���� = �0���� + Δ� (�����) = �0���� + � + � ⋅ ln (�����) (3)

where a and b denote parameters of the natural logarithm response curve, to be fitted through data from fertili-
zation experiments. We introduced two assumptions: (a) �0���� is equivalent to 95% quantile of measured actual 
N-uptake under zero fertilizer application, and (b) ∆P is equivalent to that of measured actual N-uptake (∆uptk) 
under different fertilizer levels.

2.3. Agricultural N Budget and Surplus Calculations

Different budget methods with varying degrees of complexity are suggested according to assessment system 
boundaries and scales (Eurostat,  2013). Here, we adopted the soil surface budget definition, where N input 
consists of fertilizer/manure application and atmospheric deposition, and N output is the crop N-uptake in the 
harvested yield (Oenema et al., 2003; Poisvert et al., 2017). The soil surface budget provides a simple method 
that is sensitive to agricultural N sources and can be applied to various scales (Cherry et al., 2008). The resulting 
surplus is therefore available for soil biogeochemical processes (e.g., denitrification and transformation into soil 
biomass) and hydrological transport (e.g., leaching to groundwater and exporting to surface waters).

3. Study Sites and Data
3.1. The Selke Catchment and Data Collection

The mesoscale Selke catchment (456 km 2, central Germany; Text S2 and Figure S1 in Supporting Information S1) 
exhibits marked hydro-climatic and physiographic gradients from upper mountainous areas to lowland arable 
areas. Elevation decreases from ca. 600 to 100 m, with annual precipitation decreasing from 790 to 450 mm. 
Drainage from the heterogeneous landscape is captured by three nested gauging stations, from the uppermost 
arable forest mixed (station Silberhütte), to the middle forest-dominant (station Meisdorf), and to the lower inten-
sive arable-dominant lands (the outlet Hausneindorf; Figure S1 in Supporting Information S1). The upland areas 
are predominated by shallow schist and wacke, with overlying Cambisols; the lowland areas are  part of the loess 
region with overlying Chernozems and small patches of highly sandy soils near the outlet (the German soil map, 
BGR (2013)). We reclassified three types of representative arable lands, that is, loamy-loess lowlands, sandy-
loess lowlands, and uplands, and selected grid cells (1 km 2) with arable areal share >0.9 (Figure S1 in Supporting 
Information S1).

Agricultural activities have long been conducted in both upland and lowland arable areas. Major crops were 
winter wheat, winter rapeseed and sugar beet (only in the lowland region) as reported in a detailed survey from 
the local authority in 2009 (Table S2 in Supporting Information S1). Detailed fertilizer application rates and 
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measured actual N-uptake for each major crop were also uniquely available in the upland and lowland regions 
(Table S2 in Supporting Information S1).

We set up daily simulations for 2010–2018 (with a spin-up period of 2005–2009) at 1 × 1 km spatial resolu-
tion. Meteorological forcing (from the German Weather Service) and geographic model inputs were collected 
and prepared for the mHM-Nitrate model (Table S3 in Supporting Information S1). Following the Dynamically 
Dimensioned Search method used by Yang et al. (2018), daily discharge and nitrate-N (NO3 −−N) concentration 
data at the three gauging stations were used for the multi-criteria model calibration (Text S3 in Supporting 
Information S1). Additionally, seasonal soil mineral N measurements were available at Siptenfeld (51°39' N, 
11°03' E). Due to the lack of detailed information on crop distributions in specific years, we used unique crop 
type per year, following rotation sequences of winter wheat —sugar beet —winter rapeseed in the lowlands, and 
winter wheat — winter rapeseed in the uplands. Then, the model simulations were repeated with different start-
ing  crops.  As such, each crop was simulated under weather conditions from 2010 to 2018.

3.2. Fertilization Experimental Sites and Data Collection

Field experimental data of winter wheat and sugar beet were collected from the UFZ-Research Station Bad 
Lauchstädt (51°23' N, 11°52' E; 118 m a.s.l.), located in the same lowland region as the Selke catchment (75 km 
southeast, Figure S1 in Supporting Information S1). In 1978, the Extended Static Fertilization Experiment was 
set up, with the crop rotation of winter wheat, sugar beet, spring barley and potato (Merbach & Schulz, 2013). 
We collected the N-uptake data over 1980–2016, including 10-year's winter wheat and 9-year's sugar beet data. 
Parallel N fertilizer treatments were 0, 40, 80, 120 and 160 kgNha −1 for winter wheat, and 0, 60, 120, 180 and 240 
kgNha −1 for sugar beet (Yang, 2022).

Rapeseed data were retrieved from Rathke et al. (2005). The experiment was conducted at a nearby station (Leip-
zig-Seehausen, ca. 50 km west of Bad Lauchstädt) during 1995–2000. Crop N-uptake was calculated based on the 
values of seed yield and N content provided in Rathke et al. (2005). Parallel rates of 0, 80, 160, and 240 kgNha −1 
were applied from mineral and organic fertilizer trials (100% and 60% eligible, respectively; Rathke et al. (2005)). 
Details of all experimental data and preprocessing were provided in Text S2 in Supporting Information S1.

4. Results
4.1. Potential N-Uptake Under Different Fertilizer Levels and Catchment Upscaling

Measured crop N-uptake showed large interannual variations for all parallel treatments (Figure 1). The potential 
uptake �0���� (95% quantile under zero fertilizer) were 100.9, 118.4, and 65.4 kgNha −1 yr −1 for wheat, rapeseed and 
sugar beet, respectively (Figure 1a). The uptake increases ∆uptk under specific fertilizer levels also varied, with 
deviations likely enlarged for higher fertilizer treatments (Figures 1b–1d). The fitted empirical functions reason-
ably predicted the ∆uptk response to different fertilizer applications (i.e., R 2 = 0.51, 0.67 and 0.56, respectively).

The field experiment-derived � ���� was upscaled and used to determine parameter up1 of logistical growth func-
tions for each crop according to fertilizer rates in the current situation and the 10% and 20% less fertilizer scenar-
ios (Table S4 in Supporting Information S1). Note that �0���� in the uplands was arbitrarily taken as 90% of that in 
the lowlands, due to the less-fertile soils (Altermann et al., 2005). Multicriteria calibration of the mHM-Nitrate 
model showed good performance for both discharge (NSE ranged 0.78–0.84) and NO3 −−N concentrations at 
gauging stations (NSE ranged 0.50–0.79, Figure S2 in Supporting Information S1). The seasonal soil mineral N 
measurements confirmed reasonable simulations at the measuring site (Figure S3 in Supporting Information S1). 
Particularly, the modeled actual N uptake values were in line with the available survey measurements (e.g., 
177.5 ± 9.3 vs. 178 kgNha −1 yr −1 for the lowland wheat, Table S4 in Supporting Information S1).

4.2. Spatiotemporal Variability of Catchment N Functioning Across Scales

The temporal pattern of flow dynamics was similar throughout the catchment, reflecting the high runoff propor-
tions from the upper mountains especially during high flow periods (Yang, Jomaa, & Rode, 2019). However, 
the highly complex dynamics of riverine NO3 −−N concentrations were evident at the outlet, presumably due to 
time-varying mixing of low-N upland discharge and high-N lowland diffuse sources from intensive agricultural 
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areas (Figure S2 in Supporting Information S1). Moreover, riverine concentrations were responsive to different 
fertilizer scenarios during high-flow periods, whereas almost identical during summer-autumn low-flow periods. 
This led to 9.5% and 10.1% reductions of annual N-load under the 20% less scenario at Silberhütte and Hausnein-
dorf, respectively (Figure S2 in Supporting Information S1).

The distinct temporal patterns of modeled soil water and N dynamics were further explored at three types 
of arable lands (Figure 2). Seasonal patterns of soil NO3 −−N stock depended largely on crop growth uptake 
and fertilizer inputs, of which the amount and timing varied between crops. The stock was generally higher in 
high-surplus cropping years (rapeseed > wheat and sugar beet years after harvesting) and spatially much higher 
in the lowlands than in the uplands. Terrestrial export loads from the lowlands were generally very low (2.64 and 
0.41 kgNha −1 yr −1 in the loamy and sandy lowlands, respectively), except for the extraordinary high exports in 
2010–2011, which presumably further caused the high summer riverine NO3 −−N concentrations at Hausneindorf 
(Figures 2a and 2b; Figure S2 in Supporting Information S1). In contrast, the exports from the uplands were much 
higher (9.17 kgNha −1 yr −1) and exhibited strong seasonal variations (Figure 2c). In addition, the export-associated 
NO3 −−N concentration, as reflected by that of the dominant interflow pathway, exhibited contrasting levels and 
dynamic patterns, that is, significantly elevated and damped patterns in the lowlands, whereas strong seasonal 
variations in the uplands (Figure 2a vs 2c, red lines).

The three types of arable lands also showed contrasting responses to changing conditions. During the prolonged 
droughts since 2016, soil water storage has significantly reduced in the lowlands, indicating limited terrestrial 
hydrological connectivity and reduced N-removal by soil denitrification.

Consequently, increasing trends of soil stock and interflow NO3 −−N concentration were simulated (Figures 2a 
and 2b). Under the lower fertilizer scenarios, higher degrees of soil stock reduction occurred in the high-surplus 
cropping years (e.g., rapeseed years > wheat years in the uplands, Figure 2c) as well as in locations/periods 
with already high stocks; similarly, the decreases of interflow NO3 −−N concentration were more obvious during 
high-value periods (e.g., >5.0 mgNl −1). Notably, with the reduced fertilizer, terrestrial N-load exports were more 

Figure 1. (a) Measured N-uptake under zero fertilizer treatment, and the uptake increases under different fertilizer treatments for (b) winter wheat, (c) winter rapeseed 
and (d) sugar beet. The blue lines in (a) represent the 95% quantile.
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responsive in the uplands than in the lowlands, especially during high-export wet months; while the simulated 
increases of soil stock and interflow NO3 −−N concentration in the lowlands were significantly prevented during 
recent prolonged droughts.

4.3. Integrated Analysis of Agricultural Budget and Catchment Responses Under Varying Conditions

The differentiated modeling of temporal N dynamics revealed that the catchment functioning was spatially and 
temporally (inter-annually) complex due to the combined variability of climate conditions (wetter vs. dryer years), 
landscape characteristics (uplands vs. lowlands with different soil properties) and cropping management practices 
(different crop types and fertilizer levels). We integrated responses of N-budgets (crop uptake and surplus) and 
N redistribution pathways (soil stock changes, denitrification and exporting to surface water system) under the 
contrasting environmental conditions (Figure 3).

Figure 2. Modeled soil water, interflow NO3 −−N concentration, soil stock and terrestrial export loads to the streams at arable areas of (a) loamy loess lowlands, (b) 
sandy loess lowlands and (c) loamy uplands. The dashed and dotted lines represent corresponding simulations under 10% and 20% less fertilizer scenarios, respectively. 
The shaded periods indicate the rapeseed cropping years.
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Under current management practices, the actual N-uptake showed variations between years, primarily related to 
the weather conditions and catchment wetness during the crop growing periods; and the variations were relatively 
larger for wheat than for rapeseed (Figures 3a and 3b). For example, due to the low soil water and N availability 
during May-July 2011 (Figure 2), the lowland wheat and rapeseed uptake decreased by 11.4% and 6.7%, respec-
tively. The surplus for wheat was generally low and even negative (i.e., N deficit) in some years (Figure 3c), while 
for rapeseed, it reached up to 43.02 ± 6.27 kgNha −1 yr −1 (Figure 3d). Soil denitrification varied significantly 
under different soil wetness and nitrate availability conditions (43.46 ± 24.36 kgNha −1 yr −1, Figure 3e and 3f). 
Denitrification removal was significantly higher for rapeseed than for wheat in the uplands, while similar for both 
crops in the lowlands; extremely low removal occurred in the sandy lowlands during the drought periods. Annual 
mean soil NO3 −−N stock in the uplands was stable and low across years and significantly higher for rapeseed than 
for wheat; while in the lowlands, the stock was high and further increased during the drought years, especially for 
the sandy lowlands (Figures 3g and 3h). The terrestrial export load was primarily driven by hydro-climatic vari-
ations across locations and years, and impacts of crop types were marginal, except for the slightly higher values 
after rapeseed cropping years in the uplands (Figures 3i and 3j).

Figure 3. Integrated annual agri-environmental responses of agricultural N budgets (actual crop uptake and surplus) and environmental redistribution (annual mean 
soil stock, soil denitrification and terrestrial export) for the low-surplus winter wheat (left) and the high-surplus rapeseed (right). The values at the current situation are 
shown as bar plot, and those under 10% and 20% less fertilizer scenarios as solid and dotted whiskers, respectively.
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The modeled catchment system showed varied responses under 10% and 20% less fertilizer scenarios (Figure 3). 
The actual N-uptake of rapeseed decreased by 2.4% and 5.2%, compared to that of wheat by 7.5% and 14.6% 
across fields. This resulted in a larger decrease in surplus for rapeseed (reduced to 28.25 ± 6.26 and 13.80 ± 6.45 
kgNha −1 yr −1, respectively; Figure 3c). Soil denitrification decreased similarly for different crops in the lowlands, 
whereas much more for rapeseed than for wheat in the uplands (e.g., by 30% and 17%, respectively, under the 
20% less scenario). Additionally, denitrification is generally more responsive in high removal years (Figures 3e 
and 3f). Similar spatial response patterns were found for soil stock; given the dramatic increases in the sandy 
lowlands, it is noteworthy that a reduction of ca. 100 kgNha −1 stock could be achieved under the 20% less scenario 
(Figures 3g and 3h). Terrestrial export was generally more responsive in the uplands than in the lowlands, both in 
terms of degree of decrease (means of 13.5% and 10.2%, respectively, under the 20% less scenario) and absolute 
load reduction (1.24 and 0.46 kgNha −1 yr −1, respectively).

5. Discussion
5.1. The Dynamic Agricultural Boundary of Catchment N Modeling Informed by Experimental Field 
Data

The adopted logistic growth functions provided parsimonious estimates of crop N-uptake characteristics under 
prevailing climatic and alternative management regimes (Lindström et  al.,  2010; Yang et  al.,  2018), without 
involving complicated mechanisms of crop physiological growth and agronomic characteristics (Reid, 2002). The 
key parameter � ���� is not directly linked to catchment dynamics since the actual uptake is further constrained by 
the dynamics of soil water and N availability (Equation 2). Therefore, conventional catchment model calibration 
is unlikely to be able to constrain � ���� uncertainty, nor to reflect its changes under different management prac-
tices. We made use of extensively available local fertilization experimental data in agricultural research (Grosse 
et al., 2020; Körschens et al., 2013). The measured actual uptake exhibited interannual variations (Figure 1), 
presumably due to climatic variability, crop variety changes, and specific differences of management practices 
and pest controls during the long-term experiments. Our approach utilized the uptake increases (∆uptk) under 
different fertilizer treatment trials, such that fertilizer is the only varying factor in the same year. This justifies 
the assumption that the fertilization effect on measured actual uptake increase (i.e., ∆uptk(Nfert) in Figures 1b–1d) 
is equivalent to that of potential uptake ∆P(Nfert). In addition, potential impacts of accumulative factors (e.g., 
soil fertility changes) were marginal because no significant trend was observed in all treatments (Merbach & 
Schulz, 2013). Therefore, the fertilizer response ∆P(Nfert) could be reasonably added to �0����  in obtaining esti-
mates of � ���� under different fertilizer rates.

Catchment water quality modeling studies increasingly utilize agricultural information (Bauwe et  al.,  2019; 
Ilampooranan et al., 2021; Nair et al., 2011). However, most studies used roughly reported crop yield information 
in improving model parameterization. The potential for such interdisciplinary integration has not been explored 
in depth yet. The reasons are two-fold: (a) current simplified process descriptions suffice for the purpose of 
providing generic agricultural boundaries for catchment dynamics; (b) existing knowledge and data gap between 
agricultural and water quality disciplines. The latter has inhibited integration, particularly at larger scales, due 
to the scaling challenges of process conceptualization and data assimilation (Siad et al., 2019). Moreover, inte-
grating mechanistic crop growth models often further complicates constraining catchment modeling uncertainty. 
Using agricultural experimental data, the proposed parsimonious approach improved model description of crop 
N-uptake and extended model capability under dynamic fertilizer conditions. We note that transferring the 
approach to different agricultural regions needs further local experimental data, which have become increasingly 
available in agricultural research.

5.2. The Integrated Agri-Environmental Functioning and Differentiated Responses to Varying 
Conditions

The contrasting temporal variations in N dynamics from the field to catchment scales revealed spatially differenti-
ated agri-environmental functioning under different conditions in the study catchment. Characterized as semiarid 
with a flashy hydro-climatic regime (Dupas et al., 2017), the uplands were unfavorable for accumulating surplus 
N, and the interflow NO3 −−N concentration increased significantly during high-flow seasons (Figure 2c). Mean-
while, the environmental N-redistribution pathways (denitrification removal and terrestrial export) were more 
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responsive to annual climate variations, crop types and fertilizer conditions (Figure 3). In contrast, the lowlands 
exhibit a relatively arid climate, and flat topography with deep loess soils, all favoring high accumulation of 
agricultural N surplus. After decades of intensive management, the lowland soil nitrate profile has been homoge-
neously enriched (Dupas et al., 2016). This has resulted in a transport-limited, more chemostatic export behavior, 
with a reduced seasonal NO3 −−N amplitude in the subsurface flow. The contrasting functional features are highly 
representative of intensively managed catchments (Rode et al., 2009; Basu et al., 2010), and our modeling reliably 
captured such catchment functional heterogeneity.

Moreover, based on agricultural experimental data, the refined modeling further enabled compatible integration 
with N-budget assessments, thereby obtaining agri-environmental responses under different weather and crop/
fertilizer management conditions. The actual N-uptake of high-surplus rapeseed was less responsive to fertilizer 
variations both at experimental trials (Figure 1) and catchment levels (Figure 3), compared to that of the low-sur-
plus wheat. This is primarily because rapeseed is physiologically characterized by high N-demand although with 
low agronomic seed yield and N-efficiency (Rathke et al., 2006). Moreover, our simulations showed marginal 
responses of rapeseed N-uptake to weather variability, compared to that of wheat (Figures 3a and 3b). This indi-
cates that the high soil N stock, as a result of high surplus, likely ensures crop physiological development, which 
further provides greater tolerance to soil water constraints (Postma et al., 2014; Wu et al., 2018). N removal by 
soil denitrification was similarly higher in higher surplus cropping years and also generally higher in the wetter, 
although less N-enriched, uplands (Figures 3e–3h). This is in line with the findings of the sensitivity analysis by 
Yang, Jomaa, and Rode (2019) that wetter soil condition favors the denitrification process, and denitrification in 
agricultural catchments is more sensitive to soil wetness than to soil N availability. Overall, the integrated budget 
modeling analysis unraveled the spatially distributed agri-environmental functioning, providing an insightful 
evidence base for targeted agri-environmental management.

5.3. Implications for Targeted Management and Further Perspectives

The presented interdisciplinary integration overcomes the data constraint of budget assessments (being farm-spe-
cific or nation-wide low-resolution; Cherry et al., 2008); meanwhile, spatio-temporally differentiated, model-
aided budgeting responses to varying weather and crop/fertilizer conditions can be concisely communicated to 
multi-sector stakeholders, in terms of increasing their acceptance of management implications and better recon-
ciling agricultural interests in water environment protection. We particularly demonstrated the joint agri-environ-
mental responses and management implications in the contrasting arable lands of the Selke catchment.

Compared to that of the low-surplus wheat, the actual N-uptake (indicating yield) of high-surplus rapeseed was 
largely maintained under reduced fertilizer rates. Meanwhile, multiple environmental benefits were anticipated, 
that is, reduced denitrification and gaseous emission (by 15.0% and 29.5%, respectively, under the 10% and 20% 
less fertilizer scenarios) as well as slightly reduced export to surface water systems. This strongly implies that the 
source mitigation measures targeted especially at high-surplus crops could be highly beneficial across sectors.

Our spatially differentiated analysis further showed that the source-related measures had greater multi-sector 
benefits in the hydrologically flashier and more chemodynamic upland fields. Meanwhile, these export regimes 
are plausibly cost-effective candidates for implementing transport-related measures, which pursue an increased 
catchment retention by restoring natural system functioning (e.g., the guides from EU NWRM  (2015)) or 
constructing artificial wetlands/buffer zones (Hoffmann et al., 2020). However, remediating the agricultural N 
legacy in transport-limited regions (e.g., the lowland Selke fields) remains a long-term challenge (Van Meter 
et al., 2018), which requires science-based, systemic actions from multi-sector stakeholders (BMU/UBA, 2018; 
EEA, 2020a). The changing climate has introduced overarching and coupled uncertainty for water environment 
mitigation (Reusch et al., 2018). Regions such as the Selke are likely to be very sensitive to the expected increas-
ing frequency of prolonged droughts, showing substantial N accumulation in soils and increasing risks of high 
NO3 −−N concentration in exports once the hydrological connectivity is reestablished (Figures 2 and 3). Impor-
tantly, our fertilizer scenarios demonstrated that the lower fertilizer inputs had strong mitigation effects under 
drought conditions and largely prevented such dramatically increased pressures.

This study presented in-depth agri-environmental integration from both data-driven and modeling perspec-
tives, focusing specifically on spatio-temporally differentiated agri-environmental functioning and multi-scale 
model-aided assessments under varying conditions. The integrated analysis is based on easily accessible data 
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and open-sourced modeling tools, and therefore, is highly transferable to other regions for providing an insightful 
scientific evidence base for agri-environmental management. There are good opportunities for further develop-
ments, for example, implementing management modules for detailed assessments of specific agricultural prac-
tices (e.g., Rode et al. (2009)) and further improving process descriptions from ecohydrology and crop modeling 
communities (Fatichi et al., 2016; Siad et al., 2019).

Data Availability Statement
The data used are available at https://doi.org/10.48758/ufz.12211. The mHM-Nitrate model code is available at 
https://doi.org/10.5281/zenodo.3891629.
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