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MOTIVATION

Sreya Prakash et al. | SWAT Conference '26 2

Climate Pressure in a 

Temperate & Rainfed 

Agricultural Region?

• Pressure exacerbated by 

population & climate 

change

• Research biased towards 

arid regions

Water

Food Ecosystem



RESEARCH OBJECTIVES

INTRODUCTION
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Hydrological 

response to 

climate change 

drivers

Impacts on 

rainfed 

agricultural 

systems

Implications for 

the catchment-

scale WFE 

Nexus

Nitrate 

dynamics and 

ecosystem 

response



STUDY AREA

INTRODUCTION

Upper Main Catchment, Bavaria

• 464,000 ha area – 43.1% agro

• Agriculture: Rainfed, 67% 

grains, copious fertilizer usage

• Soils: Luvisols & Cambisols, 

prone to waterlogging.

• Hydrology: Pluvial-nival 

regime with 700-1500 mm 

annual precipitation
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COMPOSITE MODELING FRAMEWORK
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Executable used: 61.0.2



CLIMATE SCENARIOS AND MODEL FORCING

COMPOSITE MODELING FRAMEWORK

 SSP1–2.6: Sustainability, low emissions

 SSP3–7.0: Regional rivalry, high challenges

 SSP5–8.5: Fossil-fueled growth, very high emissions

Data Source: ISIMIP 3b bias-corrected GCM projections (0.5°×0.5°)
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PROJECTED CLIMATE CHANGES

NEXUS PERSPECTIVE
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• Strong warming across 

scenarios (+1.7 to +4.8 °C by 

far future)

• Seasonal redistribution of 

precipitation



SWAT+ MODEL DEVELOPMENT

COMPOSITE MODELING FRAMEWORK
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Winter: Winter wheat, Winter barley, 

Rye, Triticale

Summer: Spring barley, Silage Maize

• Crop-specific fixed jday schedules 

• Multi-stage Mineral + manure inputs

• Phenology-informed timing



SWAT+ MODEL DEVELOPMENT

COMPOSITE MODELING FRAMEWORK
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Crop S.No Operation Operation 
Date

Choice of 

crop/fertilizer

Quantity (kg/ha) Method of 
application/harvest

wwht

1 fert March 1 33_00_00 212.121 broadcast

2 fert April 10 swine_fr 1923.077 inject

3 fert May 10 33_00_00 181.818 broadcast

4 hvkl July 29 wwht - grain

5 plnt October 10 wwht - -

wbar

1 fert March 1 33_00_00 212.121 broadcast

2 fert April 10 swine_fr 2307.692 inject

3 fert May 10 33_00_00 151.515 broadcast

4 hvkl July 6 wbar - grain

5 plnt September 21 wbar - -

csil

1 fert April 22 swine_fr 3307.692 inject

2 plnt May 2 csil - -

3 fert May 2 18_46_00 427.778 drill

4 hvkl October 1 csil - silage

rye

1 fert March 1 33_00_00 181.818 broadcast

2 fert April 10 swine_fr 1538.462 inject

3 fert May 10 33_00_00 121.212 broadcast

4 hvkl August 1 rye - grain

5 plnt September 28 rye - -

barl

1 fert_nstess Custom decision table

2 fert March 20 33_00_00 303.030 broadcast

3 plnt March 20 barl - -

4 hvkl August 13 barl - grain

trit

1 fert March 1 33_00_00 212.121 broadcast

2 fert April 10 swine_fr 1538.462 inject

3 fert May 10 33_00_00 151.515 broadcast

4 hvkl July 18 trit - grain

5 plnt September 28 trit - -

• Inorganic: Calcium 

Ammonium Nitrate

• Organic: Swine manure
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HYDROLOGICAL CALIBRATION: STREAMFLOW

WATER

• Objective: Validate baseline physical hydrology (2008-2014, 2015-19).

• Calibration: 17 parameters (DREAM-based + manual refinement)
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HYDROLOGICAL CALIBRATION: WATER BALANCE, ET

WATER

• Objective: Constrain basin water 

balance and ET processes

• Validation: Components within 

physically realistic ranges

• Performance: ET dynamics well 

captured (NSE ≈ 0.85)

• Partitioning: T/ET ≈ 44% (vs ~60% 

from ERA5 estimates)
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SHIFT IN WATER PARTITIONING

WATER

• Strong 

decline in 

snowfall & 

snowmelt

• Shift toward 

ET-

dominated 

regime
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SEASONAL REDISTRIBUTION OF WATER AVAILABILITY

WATER

• Stable discharge under 

SSP126

• Small reduction in SSP370 & 

SSP585 

• Increased winter flows 

(SSP126) 

• Strong summer low-flow 

intensification

• Changes intensify in far-

future 
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SSP126

SSP370

SSP585

LOW-FLOW INTENSIFICATION

WATER

• High interannual variability 

in low flows

• SSP126: Variable but no 

persistent decline

• SSP370 & SSP585: 

Increasing persistence of 

low flows

• Strongest drought signal 

under SSP585 (far-future)
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SEASONAL ET SHIFT

WATER

• Overall intensification of ET 

engine

• Peak advancement (July → 

June)

• Divergence expands (growth 

period → full year)

• Indicative of a shift in crop 

growth and phenology
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CROP YIELD CALIBRATION

FOOD

• Good agreement with 

observed yields

• Low bias (−8.7% to 

+0.5%)

• Slight underestimation 

(wwht, csil, trit)

• Parameter adjustment 

beyond defaults – csil, trit
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Calibration 

Parameter

Parameter 

Description

Units

days_mat Days to maturity days

lai_pot Maximum potential 

leaf area index

m2/m2

harv_idx Harvest index for 

optimal growth 

conditions

(kg/ha)/(kg/ha)

tmp_base Minimum 

temperature for 

plant growth

°C

bm_e Biomass-energy 

ratio

(kg/ha/(MJ/m2)

Source: Piniewski et al. (2026)



BASIN GRAIN PRODUCTION

FOOD

Near-future: 10-21% loss

Far-future: 23-27% loss

Driven by:

• Temperature-driven 

phenological shifts

• Minimal nutrient, water 

stress (<10%)

• Residual temperature 

stress during critical 

growth period
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PHENOLOGICAL ADAPTATION: WINTER CROPS

FOOD

• Higher temperatures: Faster 

GDD accumulation

• Increased early-season 

resource capture: by 3x

• Forward shift in nitrogen 

uptake

• Summer drought escape via 

phenological acceleration
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CROP YIELD RESPONSE: WINTER CROPS 

FOOD
• Earlier onset and peak of 

canopy development

• Concave biomass 

accumulation

• No gain in productivity

• Earlier maturity enables 

drought escape but limits 

accumulation
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Phenological adaptation 

is compensatory, not 

beneficial



THE SUMMER EXCEPTIONS

FOOD

Spring barley:

• Short-duration cool-

season grain crop

• Over 50% of growth 

period in thermal stress
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Corn silage:

• C4 crop

• Moderate warming 

enhances thermal 

suitability



DECOUPLING OF STRESS & CROP DEMAND: FF

FOOD

Winter crops: Accelerated 

development truncates 

grain-filling period

barl: Elevated temperature 

stress

csil: operates closer to 

thermal optimum at higher 

SSP scenarios
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Warming reshapes crop 

suitability across the 

system



TRANSPORT LIMITATION OF NITRATE

ECOSYSTEM

• Reshaped crop nutrient 

uptake call for changes in 

fertilizer application 

practices 

• Increased ET reduces 

percolation and leaching

• Tendency toward more 

episodic transport, 

necessitating nutrient 

transport calibration
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SYSTEM TRADE-OFFS: W-F

NEXUS PERSPECTIVE

• Agriculture weakly constrained 

by basin-scale water availability

• Yield relatively stable to range 

of simulated outlet streamflow 

or recharge
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SYSTEM TRADE-OFFS: F-E

NEXUS PERSPECTIVE

• Consistent trade-offs between 

yield and nitrogen export

• Changes in soil nitrate retention 

complements crop yield and 

downstream water nitrate
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SYSTEM TRADE-OFFS: W-E

NEXUS PERSPECTIVE

• Nitrogen losses are governed by 

hydrological transport

• Higher recharge also 

corresponds to elevated 

subsurface transport of nitrate 

downstream 
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MODEL LIMITATIONS AND FUTURE OUTLOOK

NEXUS PERSPECTIVE

Calibration of nitrate in-stream transport

Dynamic land management schedules

Dynamic CO₂ coupling

Inclusion of water-intensive crops in the catchment

Incorporation of Energy sector
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IN CONCLUSION…

Structural transition to an ET-dominated 

regime

Agricultural resilience maintained via 

“Drought Escape” phenological adaptation, 

with hard yield ceilings

Changing nitrate cycles call for updated 

fertilization guidelines
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Upper Main: A picture of 

resilience in vulnerability
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Thank you!

Questions?
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