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Triticum aestivum -

-

-

-

-

-

-

-

ciently consider regional diversity—both environmental and agro-

-

-

-
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change.
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-

R2

|

|

-

-

-

Calculation of Ymax and Nmax

Ymax

a region. Ymax -

levels were used to calculate Ymax

Nmax

N is 

Y

Ymax and Nmax

N:

where a b c

-

Ymax 

under the given site and climatic conditions: the derived Ymax value 

higher or lower than a measured Ymax

Y=a+bN+cN
2,

Nmax=−b∕2c,

Ymax=a+bNmax+cN
2
max

,
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Ymax was not reached 

Ymax was estimated to occur at an N-level below that 

-

Ymax was 

Ymax

Ymax

Ymax value was 

Ymax Ymax was greater than 

Ymax was chosen to 

remained within the data set. The correlations between Ymax and the 

Nmax

N

National yield data

|

-

-

-

-

-

-

-

|

-

-

2

 m
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|

-

Crop and drought parameters

-

-

-

Adverse weather conditions

-

-

-

all days that may have caused water logging and lodging even in short 

|

Climate conditions

-

-

and the median was at 431 mm.

varied between 1.6 and 3.6 days and was 2.4 days in average.

Soil type

-
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Soil yield potential

-

-

-



BÖNECKE ET AL.|  

|

|

-

-

-

a1  a2  b1 b2 and x0.

-

tersect at x = x0

x0

and allows removing a2

a1  b1  b2 and x0.

|

-

b2 = 0.

the t -

|

-

-

-

tions are considered to occur only when they vary in their variability 

and error. It also needs to be considered that cultivars largely vary 

-

-

established:

where yijk i jth lo-

cation and the k µ Gi 

i Lj j Yk is the 

k LYjk is the jk

GLij is the ij GYik is the 

ik GLY′
ijk

ijkth 

µ Gi and Yk are 

Gi was then estimated 

where β ri is the 

i Hi is the random devi-

Gi

Yk as:

E (y)=a+bx,

E (y)=

⎧
⎪
⎨
⎪
⎩

a1+b1x; if x<x0

a2+b2x; if x>x0

,

a1+b1x0=a2+b2x0,

a2=a1+b1x0−b2x0,

yijk=�+Gi+Lj+Yk+LYjk+GLij+GYik+GLY′

ijk
,

Gi=�ri+Hi,
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where γ tk is 

Zk is a random 

β and γ

year in the same units as yijk.

-

changes. To evaluate whether the overall climate change has to be 

p -

p

to climate change only.

|

-

that γ -

Zk -

-

-

the model by regressing LYjk on these variables:

where α

sjk

kth year and the jth location and Cjk

interaction.

-

Lj

where Lj j δ 

uj jth loca-

tion and Sj

|

once without and once with the agroclimatic variable included. The 

M x and the model with the 

M+x M x

-

Gi Yk and Lj were modelled 

M+x -

sjk

M+x y 

M+x M x and 

M x y M x -

R2

-

loams and clayey silts were addressed as loamy soils. The threshold 

-

|

α

γ β α -

-

b

|

|

 

 year

Yk= �tk+Zk,

LYjk=�sjk+Cjk,

Lj=�uj+Sj,

%Vary=

Vary(M−x) −Vary(M+x)

Vary(M−x)

×100.

�adj=�×b.
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 year

-

our data indicate that yield levelling occurred at sites with light 

-

|

SE

n SE t p

0.12 <.001

Trend 0.12 0.01 11.77 <.001

1.7 <.001

211 50.7 <.001

Trend 0.17 0.03 6.75 <.001

2.3 <.001

117 12.5 <.001

Trend 0.01 13.6 <.001

151 17.4 <.001

Trend 1.34 0.01 15.24 <.001

1.4 <.001

177 104.3 <.001

Trend 0.2 0.05 <.001

3. 601.4 <.001

67 10.5 <.001

Trend 0.12 0.005 22.1 <.001

1.41 <.001

All sites <.001

Trend 2.16 0.22 <.001

3 667.4 <.001

151 441.6 <.001

Trend 2.22 0.22 10 <.001

3.6 557.3 <.001

177 960.3 <.001

Trend 2.04 4.24 <.001

4.7 429.1 <.001

211 632.9 <.001

Trend 2.01 0.32 6.33 <.001

4.2 472.4 <.001

117 <.001

Trend 0.41 <.001

1.9 <.001
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-

-

r2

r2 = .34 between sowing 

changed by 24 days towards earlier dates and the estimated hard 

dough occurred 21 days earlier in 2015 than in 1979. The growth 

-

-

|

-

-

negative trend indicating dryer conditions.

-

indicate trend changes
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|

SE t p

245.1 .004

0.401 0.125 3.209 .002

0.129 <.001

2.254 0 <.001

Emergence <.001

0.535 0.129 4.152 <.001

0.135 <.001

2 0 <.001

 

begin

75.9 14.676 <.001

Trend <.001

403.4 .465

0.297 0.206 1.442 .155

0.215 .002

3.995 0 .001

500.9 295.7 1.694 .095

0.15

.007

6.442 0

.001

0.63 3.95 <.001

0.633 <.001

0 <.001

746.5 6.99 <.001

Trend 0.054 <.001

246.4 6.713 <.001

0.126 <.001

0.640 4.650 <.001

3.241 0 <.001

<.001

0.359 0.045 <.001

<.001

0 <.001

5.147 <.001

Trend 0.043 .015

316.2 64.7 <.001

Trend 0.033 <.001

linear and segmented regression analysis 
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p 

p

Thermal duration 1952–2006 .711

1952–2006 1.504 .045

1951–2006 <.001

1952–1979 .011

1979–2006 3.522 .099

1951–1999 <.001

1999–2006 .013

1952–2006 0.006 .342

1952–2006 0.015 .024

1951–2006 0.013 .166

1952–2006 0.009

1951–2006 13.5 0 .992

1951–2006 0.024 <.001

1952–2006 0.009 .175

1952–2006 0.015 .023

1951–2006 .14

1952–2006 .309

1951–2006 0.001 .931

1951–2006 0.025 <.001

1952–2006 0.007 .316

1952–2006 0.019 .013

1951–2006 0.006 .347

1952–2006 0.015

1951–2006 0

1951–2006 0.024 <.001

mm 1952–2006 .531

1952–2006 0.73 .245

1951–2006

1952–2006 0.522 .347

1951–2006 0.202 .393

1951–2006 .371

 mm 1952–2006 .214

1952–1992 0.399 .153

1992–2006 .041

1951–2006 0.631 .072

1952–2006 <.001

1951–1992 1.371 <.001

1992–2006 .024

1951–2006 <.001

mm 1952–2006 .355

1952–2006 0.76 .277

1951–2006 .023

1952–2006 1.254 .034

1951–2006 935.1 .14

1951–2006 .2
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-

-

 

balance between 1951 and 2006

p

2 2.972 .352

0.599

2.351 .271

430.3 0.124 .967

0.311

1951–2006 11.179 .099
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-

-

-

matic changes.

|

-

-

-

and increased in average by about 0.044 and 0.049 t ha  year  

 tem-

 year .

Tmean Tmax
2



BÖNECKE ET AL.|  

n

All All

 

season T
max

22 24.7 16.1 236 141 95

Tmax

13.1 15.3 22.3 236 141 95

Tmean

4.3 3.7 2.1 236 141 95

Tmax

22.6 25.2 17.4 236 141 95

Tmax

13.4 15.4 23.3 236 141 95

Tmean

4.2 3.6 2.1 236 141 95

2 — — 7.4 — —

12.2 13.7 5.3 231 136 95

11.1 3.2 231 136 95

water balance

2.4 — 236 141 —

2.7 5.1 — 231 136 —

2.9 5.3 — 231 136 —

2.3 4.5 — 231 136 —

6.3 — 233 —

15.9 12 229 134 95

22.5 11.4 232 137 95

Tmax

15.5 236 141 95

Tmax

16.7 21 236 141 95

Tmean

4.3 3.7 2.1 236 141 95

Tmax

25.5 29.5 17.1 236 141 95

Tmax

16.9 21.1 25.7 236 141 95

Tmean

4.2 3.6 2.1 236 141 95

2 — 1.2 4.7 —

26.1 229 — 95

11.1 16.4 6 229 — 95

2.9 7.5 — 229 — —

— 3.1 — — 134 —

— — 2.9 — 95 —

4.3 11 — 232 137 —
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|

-

-

n

All All

2 — — 231 — —

2.3 — — 236 — —

— — 236 — —

2 — 1.1 — —

water balance

3.7 — — 236 — —

2.1 — 3.6 231 — 95

3 — — 231 — —

2 5.6 2 30.4 195

m2

1.5 — 9.3 195 —

2.9 — — 231 — —

3.1 — — 231 — —

water balance

3.3 4.3 — 236 141 —

2.7 — — 231 — —

2.6 — 233 —

elongation Tmax

— — 1.6 — 95

Tmax

— — — 59

2 3.9 — 6.9 196 —

— — 2.5 — 95

3.3 — 5.5 231 — 95

>20 mm

3.3 — — 236 — —

3.5 — — 236 — —

— — 2.7 — 95

— — 6.1 — 95

SD 9.1 11.2 6.1 233 95

Emergence ED 9 6.6 5 233 95

4.4 9.7 — 234 139 —

— 233 —
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SE df n

n SE df t p

All 1 229 53.5 <.001

0.042 0.009 52.6 <.001

Time 0.065 0.014 91.9 4.606 <.001

0.09 36.2 .0037

2 232 53.2 <.001

0.042 0.009 52.4 4.721 <.001

Time 0.064 0.014 97 4.617 <.001

44.9 .0017

3 236 17.671 53.6 <.001

0.04 0.009 53.6 4.472 <.001

Time 0.066 0.014 99.4 4.793 <.001

Tmax 0.021 66.2 <.001

4 236 56.3 <.001

0.009 56.3 4.195 <.001

Time 0.063 0.014 4.437 <.001

Tmax 0.074 77.9 <.001

5 196 22.055 <.001

0.06 0.011 21.7 5.412 <.001

Time 0.065 0.027 51.9 2.44

2

0.024 .2572

6 195 21.6 <.001

0.061 0.011 21.6 5.409 <.001

Time 0.057 0.026 43.2 2.217 .0319

2

0.022 64.1 .0996

7 196 21.5 <.001

0.057 0.011 21.5 5.11 <.001

Time 0.027 42.1 1.404

2

0.005 67.6 1.196 .236

231 55.1 <.001

0.009 55 4.213 <.001

Time 0.062 0.015 95.2 4.164 <.001

0.002

9 133 17.779 55.7 <.001

0.027 0.011 39.9 2.447

Time 0.063 3.443 <.001

0.005 54.3
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n SE df t p

10 229 17.656 54.3 <.001

0.04 0.009 52.9 4.44 <.001

Time 0.06 0.015 4.107 <.001

0.004 .0224

11 231 <.001

0.01 54.6 4.234 <.001

Time 0.062 0.015 92 4.14 <.001

91

1 134 19.39 30.4 <.001

0.0463 0.01 29.6 4.729 <.001

Time 71.2 <.001

0.119

2 137 19.306 30.6 .0003

0.0463 0.01 4.762 <.001

Time 0.0609 79.9 <.001

0.091

3 141 19.323 32.6 <.001

0.044 0.01 32.6 4.546 <.001

Time 0.061 0.017 3.579 <.001

Tmax 0.03 <.001

4 141 19.602 34.1 <.001

0.042 0.01 34.1 4.257 <.001

Time 0.062 3.551 <.001

Tmax 0.105 56.6 .0011

5 109 <.001

0.075 0.01 7.755 <.001

Time 0.07 0.034 50.1 2.053 .0454

2

0.034 40.3 .5596

6 19.19 <.001

0.076 0.01 <.001

Time 0.059 0.035 49.9 .0939

2

0.029 39.1 .1762

7 109 19.93 <.001

0.073 0.01 7.29 <.001

Time 0.03 0.035 50.9 .3962

2

1.335
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n SE df t p

141 19.703 33.1 <.001

0.042 0.01 33.1 4.245 <.001

Time 0.06 3.263 .0016

0.003 .1153

9 141 33 <.001

0.043 0.01 33 4.4 <.001

Time 0.059 3.216

0.003 60.2 .0762

10 134 31 <.001

0.045 0.01 30.9 4.612 <.001

Time 0.065 71 <.001

42.5 .0036

11 136 32.5 <.001

0.042 0.01 32.5 <.001

Time 0.059 0.019 3.127 .0025

0.003 .2197

1 134 19.39 30.4 <.001

0.0463 0.01 29.6 4.729 <.001

Time 71.2 <.001

0.119

2 137 19.306 30.6 .0003

0.0463 0.01 4.762 <.001

Time 0.0609 79.9 <.001

0.091

3 141 19.323 32.6 <.001

0.044 0.01 32.6 4.546 <.001

Time 0.061 0.017 3.579 <.001

Tmax 0.03 <.001

4 141 19.602 34.1 <.001

0.042 0.01 34.1 4.257 <.001

Time 0.062 3.551 <.001

Tmax 0.105 56.6 .0011

5 109 <.001

0.075 0.01 7.755 <.001

Time 0.07 0.034 50.1 2.053 .0454

2

0.034 40.3 .5596
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-

 year

 year . 

 year  and 

 year  at sites with 3.0 heat stress days 

|

-

-

-

n SE df t p

6 19.19 <.001

0.076 0.01 <.001

Time 0.059 0.035 49.9 .0939

2

0.029 39.1 .1762

7 109 19.93 <.001

0.073 0.01 7.29 <.001

Time 0.03 0.035 50.9 .3962

2

1.335

141 19.703 33.1 <.001

0.042 0.01 33.1 4.245 <.001

Time 0.06 3.263 .0016

0.003 .1153

9 141 33 <.001

0.043 0.01 33 4.4 <.001

Time 0.059 3.216

0.003 60.2 .0762

10 134 31 <.001

0.045 0.01 30.9 4.612 <.001

Time 0.065 71 <.001

42.5 .0036

11 136 32.5 <.001

0.042 0.01 32.5 <.001

Time 0.059 0.019 3.127 .0025

0.003 .2197
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|

-

-

-

-

-

-

-

dia initiated between sowing and the double ridge stage is greater 

-

-

-

tential during stem elongation as well as due to increased nitrogen 

-

-

-

-

-

-

stress days
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 year

years and over the locations in this study.

-

-

-

-

-

-

-

-

-

-

-

climate change.

-

-

-
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