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METHODS

INTRODUCTION 
Background & Problem: Efficient nitrogen (N) management for sustainable 
crop production and environmental losses reduction requires a better 
understanding of internal N pathways. 
Modeling Challenge: Process-based models like the Root Zone Water Quality 
Model (RZWQM2) can match yield and nitrate loss, but internal N processes 
remain uncertain, reducing confidence in process realism.
Role of Stable Isotope: Stable ¹⁵N measurements reveal hidden internal N 
fluxes (BNF, mineralization, denitrification) and act as soft constraints during 
calibration, guiding models toward mechanistic realism without forcing exact fits.

AIM
Compare traditional vs. isotope-constrained calibration to test whether isotopes 
reduce internal N flux uncertainty without sacrificing external performance, and 
evaluate how this affects fertilizer timing recommendations and system 
outcomes.

RESULTS RESULTS

CONCLUSIONS

• 0.5Nfert,C + 0.5NBNF,S = 0.5 Ngrain,C + Ngrain,S + 0.5 Nleach,C + Nleach,S + Ndenit,CS + ∆SONCS

• 0.5Nfert,C × δ15Nfert,C + 0.5NBNF,S × δ15NBNF,S = 0.5 Ngrain,C × δ15Ngrain,C + Ngrain,S × δ15Ngrain,S +
0.5 Nleach,C × δ15Nleach,C + Nleach,S × δ15Nleach,C + Ndenit,CS × δ15Ndenit,CS + ∆SONCS × δ15NSON,CS

• Assume the range of BNF was 82-199 kg/ha/y (Córdova et al., 2019).

Isotope mass balance (under a Corn-Soybean rotation)

RZWQM model setup and two calibration pathways

Long-term consequence: soil organic N changeExternally Similar Performance

• Traditional: fertilizer‐timing responses are diffuse → broad regions of similar 
outcomes for N loss, yield, and sNUE (high equifinality; no clear “best” strategy).

• Isotope‐constrained: responses become more structured and localized → a narrower 
optimal region emerges.

• Best-performing region (consistent across rotations): later pre-planting + 
intermediate sidedress timing → high sNUE with lower N loss.

• Outside the optimal region: early pre-planting or very late sidedress → higher N loss 
and/or lower efficiency.

Figure 3. Comparison of traditional calibration (HDD) and 
isotope-constrained calibration (SDD) against observations 
for tile flow, nitrogen export (weekly and monthly), and 
annual crop yield

Internal N Flux Divergence

Traditional and isotope-constrained simulations 
closely match observed tile discharge, nitrate 
export, and yields, with similar skill across daily 
and monthly metrics.

Figure 4: Radar summary of external model performance for the 
traditional and isotope-constrained ensembles. Axes show 
weekly/monthly discharge and nitrate-load skill (R², KGE) and a 
normalized yield ER score (higher = better, closer to zero error). 

• Traditional: very large spread in 
cumulative ΔSON trajectories → 
many plausible soil-N outcomes 
(high uncertainty).

• Isotope-constrained: follows the 
same overall declining pattern, 
but within a much narrower 
range → isotope information 
rules out many alternative soil-
N trajectories and reduces long-
term uncertainty.

• Both ensembles exhibit strong and nearly overlapping 
external performance, with a modest improvement in 
yield accuracy for the isotope-constrained ensemble.

• Statistical metrics confirm the illusion of equivalence.

Figure 5: Internal nitrogen-cycle diagnostics for the traditional and 
isotope-constrained ensembles. Boxplots show ensemble distributions of 
annual denitrification, biological N fixation, ΔSON, and net 
mineralization. 

Figure 6: Cumulative soil organic nitrogen change (ΔSON) across water years (2016–2023) for (a) the 
traditional ensemble and (b) the nested isotope-constrained. Each line is one retained parameter set; 
negative values indicate net soil-N depletion.

Figure 7: Fertilizer-timing response 
surfaces under traditional (Left) and 
isotope-constrained calibration (Right).

Optimized fertilizer timing: Sharper Trade-offs

Figure 1. Nitrogen pools and δ¹⁵N signatures for corn (left) and soybean (right).

Figure 2. RZWQM2 model setup and calibration workflow.

• External-only calibration allows many 
equifinal “hidden” N-cycle stories (wide 
internal flux ranges).

• Adding isotope constraints shrinks and 
shifts internal fluxes, yielding more 
consistent N partitioning:
Denitrification: lower and tighter
N fixation: tighter (often shifted)
ΔSON: less soil-N depletion / more stable 
trajectories
Net mineralization: lower and tighter 
(uncertainty collapses even without direct 
constraint)

• External fit: Traditional and isotope-constrained ensembles both match tile flow, 
nitrate export, and yield with similar skill.

• Internal fluxes: Traditional allows many internal N-cycle solutions; isotope 
constraints tighten/shift denitrification, BNF, and net mineralization.

• ΔSON: Traditional gives highly divergent long-term soil-N trajectories; isotope-
constrained shows the same trend in a narrow band (more stable soil N).

• Management: Yield is weakly sensitive to timing, but isotope constraints sharpen 
the N-loss vs sNUE trade-off, revealing a clearer best region (later pre-plant + 
intermediate sidedress).

• Take-home: Isotopes reduce equifinality without sacrificing external 
performance.
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