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MOTIVATION TLUT]

( Ecosystem

e

» Pressure exacerbated by
population & climate
change

Climate Pressure in a
Temperate & Rainfed
Agricultural Region?

* Research biased towards
arid regions
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RESEARCH OBJECTIVES

INTRODUCTION
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Hydrological
response to
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STUDY AREA

INTRODUCTION

Upper Main Catchment, Bavaria
* 464,000 ha area —43.1% agro

 Agriculture: Rainfed, 67%
grains, copious fertilizer usage

e 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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CLIMATE SCENARIOS AND MODEL FORCING TUTI

COMPOSITE MODELING FRAMEWORK

Dataset Selection and Preparation

15 Climate Model Datasets

SSP126
. GFDL GFDL GFDL
. IPSL IPSL IPSL =
 MPL MPI MPI i
MRl MRI MRI — s
 UKESM | UKESM UKESM o (i

[ 1at 49.75, lon 11.25
[ 1at 49.75, lon 11.75

4 SSP1-2.6: Sustainability, low emissions
A 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°x0.5°)
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PROJECTED CLIMATE CHANGES

NEXUS PERSPECTIVE

Mean monthly projected temperature (A) and precipitation (B) under SSP126

Mean monthly projected temperature (A) and precipitation (B) under SSP370
compared to the historical baseline (1979-2014)

Mean monthly projected temperature (A) and precipitation (B) under SSP585
compared to the historical baseline (1979-2014)

compared to the historical baseline (1979-2014)
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 Strong warming across « Seasonal redistribution of
scenarios (+1.7 to +4.8 °C by precipitation
far future)

Sreya Prakash et al. | SWAT Conference '26




SWAT+ MODEL DEVELOPMENT

Winter: Winter wheat, Winter barley,
Rye, Triticale

Summer: Spring barley, Silage Maize

Integrierter L'F L
Pflanzenbau : -

Versuchsergebnisse
und
Beratungshinweise

Bayerische Landesanstalt far Leitfaden fiir die Diingung
Landwirtschaft von Acker- und Griinland

Internet: www.ifl bayern_de

Amt fir Emahrung, Landwirtschaft

und Forsten Rosenheim Gelbes Heft
Sachgebiet L 2.3P Landnutzung

Internet:  www aeif-ro_bayern.de

Prinzregentenstrae 39
83022 Rosenheim
Telefon 080 31/30 04 - 1000 10. unverdnderte Auflage 2012

Telefax 080 31/3004 - 1599 mi isiertem Anh;
E-mail  posistelle@aelf-ro.bayern.de (mit aktual ang)

Berichtsjahr 2023

AER | fL-Information

Verafientiicnung der Ergebnisse, uch AuSzugsweiSe,
Bur mit Genehmigung der Herawrsgeber gestatiel.
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Crop-specific fixed jday schedules

TUTI

Multi-stage Mineral + manure inputs

Phenology-informed timing

FLOWERING



SWAT+ MODEL DEVELOPMENT

TUTI

COMPOSITE MODELING FRAMEWORK

Phano_loglsche Jahreszelten Crop  S.No peration Dapt%ra"on Choice o-f- uantity (kg/ha a;pt)ﬁggticgn/harvest
Beginn und Dauer in Tagen cropl/fertilizer
wint Bayern
inter
Stiel-Eiche (Blattall vieljahriges Mittel 1 fert March 1 33_00_00 212121 broadcast
7117 511, 2 fert April 10 swine_fr 1923.077 inject
Spiitherbst o wwht 3 fert May 10 33_00_00 181.818 broadcast
StitEiohe (Blatveriaroung) et 4 hvkl July 29 wwht ; grain
18.10./16.10.
e ez 5 pint October 10 wwht - -
1 fert March 1 33_00_00 212121 broadcast
~ Vollherbst 2 fert April 10 swine_fr 2307.692 inject
Stiel-Eiche (Frichte)
19.9./15.9. wbar 3 fert May 10 33_00_00 151.515 broadcast
Ffr’:yﬂg'zgﬂ?e} 4 hvki July 6 wbar - grain
26.3./21.3. 5 pint September 21 wbar - -
Friihherbst 1 fert April 22 swine_fr 3307.692 inject
Holzt;ngsrl (gﬂghteJ csil 2 pint May 2 csil - -
o Vollfrithling 3 fert May 2 18_46_00 427.778 drill
Spatsommer gl Ee) 4 hvki October 1 csil - silage
A%Te;ff'gcgte) 1 fert March 1 33_00_00 181.818 broadcast
Hochsommer Wbyl 2 fert April 10 swine_fr 1538.462 inject
ommer-Linde [Blite 26.5./27.5.
TS—— S 13.65 1'15. f‘ te) Deutscher Wetterdianst E rye 3 fert May 10 33_00_00 121.212 brotadcast
Kontakt: Landwirtschaft@dwd.de 4 th/ August 1 rye - graln
5 pint September 28  rye - -
. . 1 fert_nstess Custom decision table
* |no rganic: Calcium barl 2 fert March 20 33 00_00 303.030 broadcast
. . 3 pint March 20 barl - -
Ammonium Nitrate 4 ki August 13 bar : grain
1 fert March 1 33_00_00 212121 broadcast
2 fert April 10 swine_fr 1538.462 inject
1~ 1 trit 3 fert May 10 33_00_00 151.515 broadcast
) _00_
Organic: Swine manure : ot v _ broa
5 pint September 28 trit - -
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HYDROLOGICAL CALIBRATION: STREAMFLOW TUTI

WATER

Calibrated & Validated SWAT+ Discharge Time Series at Kemmern

— Simulated ---- Observed
800+ | Calibration Stats: Calibration :Validation Validation Stats:
-00 | |[PBIAS = -3.89 : PBIAS = -27.04
NSE = 0.65 : NSE = 0.60
— 6001 [logNSE = 0.74 : logNSE = 0.55
’E 500 4 KGE = 0.81 : KGE = 0.56
= R =0.85 : R=0.83
& 400{|R?=0.72 : R2 = 0.69
g J
5 300
o
© 200
100 ~
0

T T T T T T T
2008 2010 2012 2014 2016 2018 2020
Date

« 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 TUTI

WATER

Historical average annual basin water balance

860.231

800
689.296

@D
=
o

534.378
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o
o

234514

208.608

163 759 161 656
122 061
0

o '3\
d\‘;‘{@\ \N& \P\a\ ot
e

Water balance components

Average annual depth (mml/yr)
N

&
w\““‘\ o \a\*

« Objective: Constrain basin water
balance and ET processes

 Validation: Components within
physically realistic ranges
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Performance: ET dynamics well
captured (NSE = 0.85)

Partitioning: T/ET = 44% (vs ~60%
from ERAS estimates)
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B 55P370 BN 55P585
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SEASONAL REDISTRIBUTION OF WATER AVAILABILITY TUTI

WATER

No irrigation - Period Mean Annual Streamflow at CHA165 : NF vs FF ’ Sta b | e d I SC h a rg e u n d e r
— Historical ~WEEI SSP126 WM SSP370 WM SSP585 S S P1 2 6

Near Future (2031-2055) Far Future (2071-2095)

 Small reduction in SSP370 &
“““““ SSP585

* Increased winter flows

S5P126 85P370 58P585 55P126 S8P370 85P585

No irrigation - Streamflow at CHA165 (NF vs FF) (S S P1 2 6)

=== Historical WEE SSP126 W SSP370 W SSP585

Near Future (2031-2055) Far Future (2071-2095) (] Strong Summer |OW_f|OW
intensification

al streamflow (m*/s})

o
o

©
o

D
=}
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o

« Changes intensify in far-
future

Mean monthly streamflow (m?/s)

n
(=3

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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LOW-FLOW INTENSIFICATION

TUTI

WATER

e) UKESM1-0-LL (MQ=40.21 m¥/s)

ses | N I A

2020 2040 2060 2080 2100

e) UKESM1-0-LL (MQ=33.20 m*/s)

2020 2040 2060 2080 2100

) UKESM1-0-LL (MQ=32.18 m°/s)

seoes || R

2020 2040 2060 2080 2100
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45

40

High interannual variability
in low flows

35

30

SSP126: Variable but no
persistent decline

e}
62}

LM7Q (m¥s)

SSP370 & SSP585:
Increasing persistence of
low flows ;

N
[=]

Strongest drought signal
under SSP585 (far-future)

10
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SEASONAL ET SHIFT

No irrigation - ET monthly mean time series (NF vs FF)
= Historical W SSP126 mmm SSP370 mmm SSP585
Near Future (2031-2055) Far Future (2071-2095)

120
£
3
E 100
£
E 80
=
w
2> 60
£
g
E 40
1=
g
= 20

0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

« Overall intensification of ET  + Divergence expands (growth
engine period — full year)

« Peak advancement (July — < Indicative of a shift in crop
June) growth and phenology
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CROP YIELD CALIBRATION

Calibration Parameter Units
Parameter  Description
days _mat Days to maturity days
lai_pot Maximum potential ~ m?2/m?
leaf area index
harv_idx Harvest index for (kg/ha)/(kg/ha)
optimal growth
conditions
tmp_base Minimum °C
temperature for
plant growth
bm_e Biomass-energy (kg/ha/(MJ/m?2)

ratio

Source: Piniewski et al. (2026)
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Average annual yield (t/ha)

=
(3]
i

=
(=]
I

=
(=]
I

S
i

o0
I

Average Annual Yield Calibration with pbias (2007-2014)

-8.68%

wwht wbar csil rye barl it

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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BASIN GRAIN PRODUCTION TUTI

Near-future: 10-21% loss

Fa r_futu re: 2 3 _ 2 7% | O S S No Irrigation - Aggregated Grain Yield (wwht, wbar, rye, trit, barl)

= = Historical mean B SSP126 s SSP370 BN SSP585

Near Future (NF: 2031-2055) Far Future (FF: 2071-2095)

Driven by:

« Temperature-driven ; T | 1
phenological shifts .

« Minimal nutrient, water .
stress (<10%)

S Residual temperature SSP126 SF.;F;?;?O SSP585 SSP126 SSSFS'\’::() SSP585

stress during critical
growth period

Sreya Prakash et al. | SWAT Conference '26 17



PHENOLOGICAL ADAPTATION: WINTER CROPS TUTI

RYE PHUBASO Ensemble

No irrigation - Mean Monthly Plant Nitrogen Uptake (NF vs FF)

=== Historical mmm SSP126

Near Future (2031-2055)
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mmm SSP370

mmm SSP585

Far Future (2071-2095)

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 TUTI

RYE LAT Ensemble « Earlier onset and peak of

— SSP126 = SSP370  =—

===Hig 585
Near Future (NF) Far Future (FF)

canopy development

 Concave biomass
accumulation

« No gain in productivity

FYE BlowS Ensemble  Earlier maturity enables
drought escape but limits
accumulation

-—- Hist 585
Near Future (NF) Far Future (FF)

00000

Phenological adaptation
is compensatory, not
—_— beneficial
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THE SUMMER EXCEPTIONS

Spring barley:

7000

6000

 Short-duration cool-
season grain crop

g/ha)

IOMS

m 3000

2000

* Over 50% of growth
period in thermal stress N

Corn silage:

20000

15000

« C4 crop

BIOMS (kg/ha)

10000

* Moderate warming
enhances thermal

5000

suitability TR
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BARL BIOMS Ensemble

—--- Hist —— 8SP126 —— SSP370 —— SSP585

Near Future (NF) Far Future (FF)

CSIL BIOMS Ensemble

—=-- Hist —— SSP126 —— SS5P370 —— S5SP585

Near Future (NF) Far Future (FF)




DECOUPLING OF STRESS & CROP DEMAND: FF

Winter crops: Accelerated
development truncates
grain-filling period

barl: Elevated temperature
stress

csil: operates closer to
thermal optimum at higher
SSP scenarios

Warming reshapes crop
suitability across the
system
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TRANSPORT LIMITATION OF NITRATE TUTI

ECOSYSTEM

No irrigation - Aquifer recharge time series (NF vs FF)
==+ Historical mean N SSP126 BN SSP370 BN SSP585

Near Future (2031-2055) Far Future (2071-2095)

» Reshaped crop nutrient
uptake call for changes in
fertilizer application E
practices

charge (mm/month)
=

Mean monthly aquife

 |ncreased ET reduces 4
percolation and |eaching Jan  Feb Mar Apr  May Jun Ju  Aug Sep Oct Nov Dec Jan  Feb Mar Apr  May Jun  Jul  Aug Sep Oct Nov Dec

No Irrigation - Mean Monthly Nitrate Leaching (NF vs FF)
== Hislorical WM SSP126 WEE SSP370  WEE SSP585

« Tendency toward more
episodic transport,
necessitating nutrient
transport calibration

Near Future (2031-2055) Far Future (2071-2095)

(kgfha/menth)
- o o
o (=] o

=]

Mean monthly nitrate leaching

=3
2

Jan Feb Mar Apr May  Jun Jul Aug  Sep Oct Nov Dec
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SYSTEM TRADE-OFFS: W-F TLUT]

NEXUS PERSPECTIVE

Water-Food Trade-off: Yield vs Recharge
@ SSP126 @ SSP370 @ SSP585

Near Future (2031-2055) Far Future (2071-2095)
7.0 o" K . .
o  Agriculture weakly constrained
T 65 e o . . -
£ e o by basin-scale water availability
3 60 UKESM o o e o .GFDL L
S ® . - .IFSL (]
; 55 o ° ° e

: s S * Yield relatively stable to range
of simulated outlet streamflow

=

@ UKESM
5.0 )

& ()

or recharge
100 105 110 115 120 125 130 135 80 90 100 110 120 130 g
Period-mean annual aquifer recharge (mm/yr) Period-mean annual aquifer recharge (mm/yr)

weak constraint
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SYSTEM TRADE-OFFS: F-E

NEXUS PERSPECTIVE

Food-Ecosystem Trade-off: Yield vs Outlet NO3 Export
@® SSP126 @ SSP370 ® SSP585

Near Future (2031-2055) Far Future (2071-2095)

@ wr
7.0
O
@ . .MRI
MRI
6.5 ® ®
1PSL
™) IPSL
[
> IRBEM IPSL MPL GFDL
g 60 v @ e'® a
2 @ IPSL @
:JKESM ) ]
55 ®
UKESM
GFDL UKESM
@
.GFD" UKESM
@ MPI
. GFDL
(]
45 'GF GFDL
12 14 1.6 18 2.0 1.0 1.2 14 16 1.8 20
Period-mean annual outlet NO5 export (kg/yr) 1e6 Period-mean annual outlet NO3 export (kg/yr) 1e6

Consistent trade-offs between
yield and nitrogen export

Changes in soil nitrate retention
complements crop yield and
downstream water nitrate

Sreya Prakash et al. | SWAT Conference '26
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SYSTEM TRADE-OFFS: W-E

NEXUS PERSPECTIVE

Water-Ecosystem Trade-off: Recharge vs Nitrate Leaching
® SSP126 @ SSP370 @ SSP585

Near Future (2031-2055) Far Future (2071-2095)

-
[ GFDL
L 24 ®
TN
£ 22 GFDL
= .GFDL ®
2 .GFDL
20
& GFDL
g MPI
S 18 UKESM @
£ UKESM  UKESM °®
g 16 UKESM @ @ o
° @ UKESM UKESM ®
& ® MPI IPSL IPSL
£ 14 1P MRI
= GFDL
E] o VPl @ )
= SL ]
o 12 Jm
§ P . MREL
b MPI MRI
E MP® @ ®
<10 @ MRI
e @
@
a 100 105 110 115 120 125 130 135 80 90 100 110 120 130
Period-mean annual aquifer recharge (mm/yr) Period-mean annual aquifer recharge (mm/yr)

Hydrologically coupled
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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 TUTI

NEXUS PERSPECTIVE

Calibration of nitrate in-stream transport

Dynamic land management schedules

Dynamic CO; coupling

Inclusion of water-intensive crops in the catchment

Incorporation of Energy sector

Sreya Prakash et al. | SWAT Conference '26 26




IN CONCLUSION... TUTI

Structural transition to an ET-dominated
regime

Agricultural resilience maintained via
“Drought Escape” phenological adaptation,
with hard yield ceilings

Upper Main: A picture of

resilience in vulnerabilit
Changing nitrate cycles call for updated Y

fertilization guidelines
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Thank you!

Questions?

28
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