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Abstract
Yield development of agricultural crops over time is not merely the result of genetic and 
agronomic factors, but also the outcome of a complex interaction between climatic and 
site-specific soil conditions. However, the influence of past climatic changes on yield 
trends remains unclear, particularly under consideration of different soil conditions. In 
this study, we determine the effects of single agrometeorological factors on the evolu-
tion of German winter wheat yields between 1958 and 2015 from 298 published nitro-
gen (N)-fertilization experiments. For this purpose, we separate climatic from genetic 
and agronomic yield effects using linear mixed effect models and estimate the climatic 
influence based on a coefficient of determination for these models. We found earlier 
occurrence of wheat growth stages, and shortened development phases except for the 
phase of stem elongation. Agrometeorological factors are defined as climate covariates 
related to the growth of winter wheat. Our results indicate a general and strong effect of 
agroclimatic changes on yield development, in particular due to increasing mean temper-
atures and heat stress events during the grain-filling period. Except for heat stress days 
with more than 31°C, yields at sites with higher yield potential were less prone to adverse 
weather effects than at sites with lower yield potential. Our data furthermore reveal that 
a potential yield levelling, as found for many West-European countries, predominantly 
occurred at sites with relatively low yield potential and about one decade earlier (mid-
1980s) compared to averaged yield data for the whole of Germany. Interestingly, effects 
related to high precipitation events were less relevant than temperature-related effects 
and became relevant particularly during the vegetative growth phase. Overall, this study 
emphasizes the sensitivity of yield productivity to past climatic conditions, under consid-
eration of regional differences, and underlines the necessity of finding adaptation strate-
gies for food production under ongoing and expected climate change.
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1  | INTRODUC TION

Historical climate change, and first and foremost rising temperatures 
during the second half of the 20th century, contributed to profound 
changes in yield in many major wheat-producing regions globally 
and in Western Europe in particular (Alexander et al., 2006; Asseng 
et al., 2014; Frich et al., 2002; Lobell, Schlenker, & Costa-Roberts, 
2011). For instance, an estimated net loss of 4% in wheat yield, co-
inciding with increasing temperature and decreasing precipitation 
between 1980 and 2008, has been found for France (Lobell et al., 
2011). Wheat has been found to be very sensitive to high tempera-
tures, and its response to heat stress varies at different phenological 
stages (Farooq, Bramley, Palta, & Siddique, 2011; Slafer & Rawson, 
1994). High temperatures are presumed to be more harmful to grain 
yield during the reproductive growth phase than during the vege-
tative phase (VP; Wollenweber, Porter, & Schellberg, 2003). Heat 
stress around anthesis mainly leads to a reduction in photosyn-
thesis rate, increased respiration, accelerated leaf senescence and 
enhanced evapotranspiration, which finally results in reduced grain 
numbers (Porter & Gawith, 1999; Reyer et al., 2013; Wheeler et al., 
1996; Wollenweber et al., 2003). Exposed to drought stress during 
reproduction, grain yields of wheat are negatively affected due to a 
hampered uptake of nutrients, and in combination with a diminished 
surface cooling (induced by reduced transpiration) crop canopy tem-
peratures increase and lead to further decrease in photosynthetic 
rates (Mäkinen et al., 2018; Porter & Semenov, 2005). During stem 
elongation, water is needed for expansive growth processes that 
bring up the spike to the top of the canopy through the unfolding 
leaf, as well as for spike growth and cell expansion, pollen ripening or 
grain growth and filling (Farooq et al., 2011). With enhanced climate 
variability during summer across Europe, encompassing a higher risk 
of heatwaves, droughts and heavy precipitation events, negative im-
pacts on yields are likely to increase (Mäkinen et al., 2018; Meehl & 
Tebaldi, 2004; Porter & Semenov, 2005).

Besides environmental factors, quality and quantity of grain 
yields are determined by the crop genetic yield potential and by 
agronomic measures of crop management that aim to reduce envi-
ronmental limitations. Despite the ongoing advancement in breeding 
for higher grain yields since the 1960s, the use of nitrogen fertil-
izers, irrigation or pesticides, the steady increase of winter wheat 
(Triticum aestivum L.) yields during the second half of the 20th cen-
tury has slowed down since the 1990s in several regions of the globe 
(Brisson et al., 2010; Calderini & Slafer, 1998; Chen, Zhou, & Pang, 
2015; Grassini, Eskridge, & Cassman, 2013; Laidig, Piepho, Drobek, 
& Meyer, 2014). For instance, historical yield records reveal that 
winter wheat yields almost simultaneously reached a plateau at 
about 7–8.5  t/ha in many West European high-yield countries be-
tween 1991 and 2000 (Brisson et al., 2010; Grassini et al., 2013). 
For Germany, yield data from the National Statistical Office show 
an increase of winter wheat yields from approximately 3  t/ha in 
1960 up to 7.5 t/ha in the year 1999 (Wiesmeier, Hübner, & Kögel-
Knabner, 2015), but thereafter, no further increase has been docu-
mented. A number of causes for the stagnation of grain yield have 

been discussed. Besides aspects of climatic change (e.g. increasing 
temperatures, high precipitation events or drought stress) or the 
genetic and agronomic progress (expansion of wheat to sites with 
lower productivity, increasing shares of ‘second wheat’ in crop rota-
tion), socio-economic incentives and/or constraints (e.g. world mar-
ket price for wheat grain or general production factors; expansion of 
organic production systems; legal limitations to fertilization; political 
subsidies, price influences from climate events) were in the focus of 
research (Brisson et al., 2010; Grassini et al., 2013; Himanen, Hakala, 
& Kahiluoto, 2013; Laidig et al., 2017; Olesen et al., 2012; Reidsma, 
Oude Lansink, & Ewert, 2008; Trnka et al., 2019).

Many studies only account for the effect of one single impact 
factor and only take yield data from official statistics that repre-
sent annual averages at national or global scale, which result from 
diverse crop management of a multitude of farmers acting under di-
verse production conditions (Brisson et al., 2010; Calderini & Slafer, 
1998; Hafner, 2003; Lobell & Field, 2007; Wiesmeier et al., 2015). 
However, the response of crop yields to climate variability might be 
enhanced or diminished depending on certain site conditions (Moot, 
Henderson, Porter, & Semenov, 1996; Porter & Gawith, 1999; Porter 
& Semenov, 2005). As a consequence, national data do not suffi-
ciently consider regional diversity—both environmental and agro-
nomical (Evans, 1996; Schlenker, 2010; van Ittersum et al., 2013). 
Similarly, studies building on a single experiment or using historical 
yield and fertilization data from only one location are limited in their 
explanatory power due to the restricted number of years, locations 
and used cultivars. Hence, a set-up combining multiple locations 
over a long period is preferable to compensate for these limitations.

In this study, we aim at examining the importance of a range of in-
dividual agroclimatic factors affecting winter wheat yields. However, 
since also other factors affecting yield development changed over 
time, it is necessary to disentangle the effects of climate change 
from those of genetic progress, and of all other agronomic factors 
that changed over time (e.g. socio-economic incentives and con-
straints). In order to dissect these factors, mixed-effect models were 
used, which allow attributing yield variability to randomly distrib-
uted independent effects. These models serve to analyse data sets—
including unbalanced ones—and to dissect various impact factors 
by means of fixed regression terms and random residuals (Laidig, 
Drobek, & Meyer, 2008; Laidig et al., 2017; Mackay et al., 2011; 
Piepho, Laidig, Drobek, & Meyer, 2014). Moreover, statistical mod-
els do not depend on field calibration data for many driving variables 
as required for process-oriented models, and model uncertainties 
can be assessed in a more transparent way (Lobell & Burke, 2010b). 
Mixed-effect models can further take into account the influence of 
regional diversity, for instance, regarding soil type and quality. In 
this study, we make use of historical field trial records found in 34 
publications that provide data on winter wheat yields, N-fertilization 
levels and cultivars from a total of 298 N-fertilization experiments 
over a long period of time and with a large geographic spread across 
Germany. The amount of nitrogen fertilizer applied is the agronomic 
factor, which usually has the strongest impact on yield and quality 
traits and features large regional and inter-annual variation (Basso, 
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Ritchie, Cammarano, & Sartori, 2011; Delogu et al., 1998; Whitfield 
& Smith, 1992). In order to exclude limiting effects of the factor 
‘N-fertilization’, using data from optimum N-fertilization levels has 
been proven a useful approach (Basso et al., 2011; Raun et al., 2002). 
Specifically, experiments with multiple N-levels allow calculating the 
maximum of the nitrogen supply–yield relationship under standard-
ized and predefined conditions.

We analyse the yield development of winter wheat over the last 
60 years in Germany based on published data from wheat-N fertil-
ization experiments. We identify the underlying causes of the ob-
served trends by considering agronomic, genetic, inter-annual and 
geographic differences. Based on responses described in the litera-
ture, this study considers climatic factors linked to important winter 
wheat crop growth stages and phases. To estimate the explanatory 
value of an individual agroclimatic factor, we use a novel approach 
(Piepho, 2019) that compares the total variance estimates between 
two mixed-effect models—one that includes the climate variable of 
interest and one that does not, and employs the calculation of a co-
efficient of determination for such models (Section 2). First, we run 
the analysis over all experiment data across all study sites. In order 
to understand the impact and specify the significance of soil factors 
we then split the data into groups of experimental sites differing in 
yield potential and soil type. Understanding the interactive effects 
of climatic changes and genetic adaptation (i.e. genetic improvement 
through plant breeding) on yield productivity development is crucial 

for developing viable crop adaptation strategies to future climate 
change.

2  | MATERIAL S AND METHODS

2.1 | Study design

In order to assess the impact of climatic changes on winter wheat 
yield development, we applied several processing steps from raw 
data to final data analysis. As illustrated in Figure 1, we first gathered 
specific crop data including yields, N-fertilization amounts, cultivar 
choice and year of release (YOR). Furthermore, for every experimen-
tal site we gathered winter wheat phenology data (i.e. beginning of 
phenological stages), climatic data and site-specific soil information 
including soil type and soil rating (Ackerzahl) henceforth called ‘soil 
yield potential’. In the second stage, we processed the experimen-
tal data to derive the optimal N-fertilization amounts and maximum 
yields. We used the climatic and phenological information to derive 
crop-specific agroclimatic conditions throughout the observation 
period. Third, for all time-series data, trend analyses were performed 
using simple linear regression models followed by segmented regres-
sion analysis. Additionally, linear plateau analyses were carried out 
for the yield and nitrogen data. Fourth, we used a data set with all 
data combined to decouple individual agroclimatic conditions from 

F I G U R E  1   Data processing scheme from raw data to final data analysis. Crop, phenological, climatic, agroclimatic and site-specific data 
were collected in the first place and analysed for their trends. All data were combined into a data set from which individual agroclimatic 
variables were decoupled from all other influential factors using statistical mixed-effect models. Finally, the intensity of each variable was 
estimated by computing the coefficient of determination (R2) for generalized linear mixed models as introduced by Piepho (2019)
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all other influential crop parameters to finally assess the intensity of 
these individual factors by computing the coefficient of determina-
tion (R2) for generalized linear mixed models as introduced by Piepho 
(2019).

2.2 | Data set compilation

2.2.1 | Crop data

Winter wheat field experiment data were gathered from multiple 
sources including peer-reviewed articles, dissertation theses, habilita-
tion theses, conference papers and N-fertilization experiment reports 
from state authorities. Germany was selected as study region, as it 
represents a specific breeding region and ensures a sufficient num-
ber of well-documented experiments. All considered experiments 
investigated the response of grain yield of one or several cultivars to 
varied levels of N-fertilization (suboptimal, optimal, supraoptimal). In 
rainfed experiments with optimal plant protection, grain yields are 
supposed to be defined by the site-specific soil and climate conditions 
and limited by the genetic yield potential of the selected cultivar and 
the applied N rates. To be included in the study data set, the follow-
ing criteria had to be fulfilled by an experiment: at least three levels 
of total rates of mineral N-fertilization (sum of all applications within 
one growing season [GS]) are represented, plant protection excluded 
biotic stress and the experiment was not irrigated. Moreover, site- and 
year-specific grain yields at defined dry matter content (either 86% or 
100% dry matter) had to be available for each N-fertilization level. To 
make data comparable, all analyses were carried out by converting 
data to 100% dry matter, expressed in tons dry matter per hectare 
(t  DM/ha). The exact location of each experimental site had to be 
given. A final data set was derived from 34 publications comprising 
43 individual experimental sites between 1958 and 2015 and a total 
of 59 individual cultivars (Bönecke et al., 2020). The duration of the 
individual experiments ranged from 1 to 6 years. Information about 

the YOR of the corresponding cultivars was retrieved from databases 
of the Federal Plant Variety Office and from GRIS (Genetic Resources 
Information System for Wheat and Triticale, CIMMYT).

Calculation of Ymax and Nmax

N-fertilization experiments provide the opportunity to estimate the 
yield maxima (Ymax) for each experiment, which then represent the 
environmental and agronomic limits in an experimental year and of 
a region. Ymax can then be used to compare the yield variation be-
tween different locations and years. To derive potential grain yields 
under non-N-limited conditions for each experimental year, site and 
cultivar, data on dry matter grain yield at individual N-fertilization 
levels were used to calculate Ymax and the corresponding maximum 
N-fertilization level (Nmax). Most trials implemented suboptimal, close 
to optimal and supraoptimal N-levels in equal quantity steps (e.g. 50, 
100, 150 kg N/ha). We fitted a quadratic yield response function.

to the data of each individual N-fertilization response trial, where N is 
the applied N-level and Y is the observed yield (Equation 1; Figure 2), 
using the statistical software R (R Development Core Team, 2008). 
Values of Ymax and Nmax were obtained from the coefficients of these 
functions by setting their first derivatives to 0 and solving for N:

where a, b, and c are the model parameters.
When fitting quadratic functions to the trial data, several scenar-

ios need to be considered for interpreting the derived yield as Ymax 
under the given site and climatic conditions: the derived Ymax value 
may lie (a) beyond the highest observed N-level, and (b) it may be 
higher or lower than a measured Ymax value. To deal with these issues, 

(1)Y=a+bN+cN2,

(2)Nmax=−b∕2c,

(3)Ymax=a+bNmax+cN2
max

,

F I G U R E  2   Examples for the yield response curves to nitrogen fertilizer level and derived maximum yields and corresponding nitrogen 
values of three fertilization experiments. The green crosses mark the maximum achievable winter wheat yields as derived from a quadratic 
linear function and its corresponding nitrogen level
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certain thresholds were set: When the derived Ymax was not reached 
within the observed range of N-levels, an upper threshold was set for 
acceptance of a study. Specifically, we determined the mean width of 
the N-level increments. The threshold was computed as the largest 
N-level tested in the study, plus the mean increment. A study was 
accepted only if Ymax was estimated to occur at an N-level below that 
threshold. For instance, in an 80–120–160 kg N/ha trial, the mean in-
crement of the N-fertilization levels is 40 kg N/ha and when Ymax was 
estimated at 210 kg N/ha, the trial was then excluded from the data 
set, whereas when Ymax was derived below or equal to 200 kg N/ha, 
the trial was included. Moreover, Ymax values below 50 kg N/ha were 
excluded from further analysis and considered as unrealistic under 
conditions present in Germany. When the derived Ymax value was 
below the highest yield measured by more than 5%, the measured 
yield was taken as Ymax. Yet, when the derived Ymax was greater than 
5% of the highest measured yield, the derived Ymax was chosen to 
reflect the maximum yield achievable. In any case, experiments 
outside these defined thresholds were excluded from the data set. 
About 11.2% of the data were removed from further analysis due to 
decreasing yield functions and coefficients of determination below 
0.5. Following these plausibility tests, 324 out of 331 individual trials 
remained within the data set. The correlations between Ymax and the 
corresponding Nmax, the intercept and the linear coefficient of the 
quadratic regression model were 0.51, 0.62 and 0.33 respectively. 
Correlations between Nmax, the intercept, and the slope factors of 
the quadratic regression model ranged between −0.1 and 0.52.

National yield data
The national average winter wheat yield data were obtained from 
FAO statistics (http://www.fao.org) and from the Federal Statistical 
Office (German: Statistisches Bundesamt, shortened DESTATIS), 
Wiesbaden.

2.2.2 | Phenological data

None of the publications from which yield data were retrieved 
provided precise information about phenological stages and 
phases. Therefore, data on the beginning of the individual phe-
nological stages of winter wheat were retrieved from the pheno-
logical observation database on arable cropping systems (ftp://
ftp-cdc.dwd.de/pub/CDC/obser​vatio​ns_germa​ny/pheno​logy/) 
from the German Weather Service (Deutscher Wetterdienst, 
DWD). Phenological dates were recorded from voluntary observ-
ers within a radius of 1.5–2 km and not more than 50 m in altitude 
from the mean altitude of the observation site covering a period 
from 1951 to 2015 (as at November 2017). Cultivars used in the 
fertilization experiments may differ from those underlying the 
phenological records of the DWD. For this study, the beginning 
of sowing, emergence, stem elongation, heading, hard dough and 
harvest were recorded on an annual basis for all sites where ex-
periments were conducted. In order to estimate the start dates 
of the aforementioned phenological stages, all DWD observation 

sites within a radius of 30  km of each experiment site were se-
lected using the ArcGIS Desktop software by Esri (version 10.5.1). 
To eliminate errors and incorrectly recorded single values, data 
records were processed by an automated selection process. As 
suggested in Menzel (2003), only observation sites with relatively 
complete data records of more than 20 or 30  years should be 
considered as meaningful for reliable predictions because trend 
analysis strongly depends on the number of years included in the 
linear regression. In this study, 30 years was set as minimum re-
cord length to ensure a certain degree of temporal stability of the 
resulting trends. Even then, a small uncertainty remained because 
part of the variation in trends might be caused by differing start 
and end years. With respect to topography and altitude (m a.s.l.), 
all stations with more than 50 m difference in altitude from the 
experimental sites were removed to avoid misinterpretation due 
to vertical thermal differences and their influence on stage ini-
tiation. Mean values and standard deviation for each year of the 
dates were calculated and potential outliers removed when they 
fell outside the range of the mean value ± two times the standard 
deviation as suggested in Siebert and Ewert (2012). After applying 
the filtering process, the total number of observations obtained 
for the 43 sites across the study regions was 15,238. Moreover, 
the duration of the whole GS, the generative phase (GP) and the 
VP was calculated, and in addition VP was subdivided into the leaf 
development and tillering phase (LP) and the stem elongation and 
booting phase (SP). As shown in Figure 3, the length of the VP was 
defined as the time between emergence and heading and the GP 
as the time between heading and hard dough. The LP and SP were 
separated at the beginning of the stem elongation.

2.2.3 | Climatic data

As for phenology, high-resolution weather data that allow calculating 
agrometeorological variables was scarcely provided within the publi-
cations. For this reason and to investigate long-term climate trends 
for the crop growth phases outlined above at each respective experi-
mental site, we obtained information from several databases providing 
climate data. The daily mean temperature (°C), precipitation (mm) and 
relative air humidity (%) were obtained from the hydrological raster 
(HYRAS) data set (5 × 5 km2) of the DWD for the period 1951–2015 
(Frick et al., 2014). The interpolation of the gridded HYRAS data set 
is based on a combination of multiple linear regression and inverse 
distance weights and described in detail in Rauthe, Steiner, Riediger, 
Mazurkiewicz, and Gratzki (2013). Data on minimum and maximum 
temperature were obtained from the European Climate Assessment & 
Dataset (ECA&D) database and are available for the period between 
1950 and 2017 (Haylock et al., 2008). Data about the surface solar 
radiation income (global radiation, W−1  m−2) were available for the 
period 1983 and 2017 (Huld, Müller, & Gambardella, 2012) from the 
Satellite Application Facility on Climate Monitoring (CMSAF) database 
of the European Organisation for the Exploitation of Meteorological 
Satellites (EUMETSAT).

http://www.fao.org
ftp://ftp-cdc.dwd.de/pub/CDC/observations_germany/phenology/
ftp://ftp-cdc.dwd.de/pub/CDC/observations_germany/phenology/
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2.2.4 | Agrometeorological variables

Obtained climate variables were evaluated for the long-term changes 
in accordance with the duration of the phenological phases of winter 
wheat. This was done for individual sites and the overall mean across 
all study sites. In addition, the long-term trend was estimated for the 
normal calendar year as well as for the periods of the defined hydro-
logical winter (1 November to 30 April) and summer (1 May to 31 
October). This was intended to provide information on the weather 
conditions independent of crop phenology.

Crop and drought parameters
To assess crop-related and site-specific developments during the 
observation period, additional climatic and hydrological variables 
were calculated from the available meteorological data sets. First 
of all, the thermal duration (TD, °Cd) for each phenological phase 
was calculated after McMaster and Wilhelm (1997; formula de-
scribed in the Supporting Information). The potential evapotran-
spiration (PET, mm) for winter wheat crops was calculated after 
Haude (1954). The formula and the data processing are described in 
the Supporting Information. Moreover, the climatic water balance 
(CWB, mm) as a drought indicator differs largely within Germany 
and was calculated to estimate the available water supply. It is de-
fined as the difference between the precipitation height and the 
amount of the PET.

Adverse weather conditions
Moreover, we accounted the occurrence of adverse weather events 
in order to evaluate their impact on the yield potential. Due to limita-
tions in the climate projection as daily values based on the available 
DWD data, we counted the frequency of those days with high pre-
cipitation events, those days with potential heat stress impact, and 
those days with negative CWB and calculated their cumulative num-
bers for each crop developmental phase and each individual site. We 
defined high precipitation events in two ways in order to account for 
all days that may have caused water logging and lodging even in short 
phases such as SP or GP in the first place and in particular for those 
precipitation events that cause severe logging and lodging effects in 

particular during summer months. Thus, we considered those days 
with a minimum rainfall of 20 mm in 24 hr as reported and analysed 
in Gömann et al. (2015) and the number of days, which had more than 
40 mm of daily rainfall as high rainfall events (Mäkinen et al., 2018; 
Trnka et al., 2014). We used 27°C as upper temperature threshold 
with considerable impact on yield losses due to sterilization of grains 
of wheat around anthesis (Mitchell, Mitchell, Driscoll, Franklin, & 
Lawlor, 1993; Tashiro & Wardlaw, 1989), and 31°C as threshold for 
large detrimental effects around anthesis (Porter & Gawith, 1999; 
Wheeler et al., 1996).

2.2.5 | Site-specific characteristics

Climate conditions
In order to obtain additional site-specific information of each trial 
site, the long-term mean annual temperature, precipitation and CWB 
were calculated using the HYRAS data set based on the 30 year 
(1961–1990) reference period (Figure S7). Mean annual tempera-
tures ranged from 7.8 to 10.6°C at the sites of this study. The aver-
age was at 8.9°C and the median at 8.8°C. Mean annual precipitation 
at the sites varied between 580 and 1,110  mm. The average was 
774 mm and the median 744 mm. As for the mean annual CWB, the 
minimum was 198 mm, the maximum 822 mm, the average 465 mm 
and the median was at 431 mm.

Each site can be determined by the mean number of stress 
events during a specific growth phase. For example, based on the 
number of heat stress days during the GP—detected over the entire 
observation period—the number of these stress events for each site 
varied between 1.6 and 3.6 days and was 2.4 days in average.

Soil type
Soil types differ in water and nutrient availability and thus have an 
impact on the yield potential. Therefore, the soil type was retrieved 
from the publications at the level of the soil type group according 
to the German soil classification system—KA5 (Ad-hoc-AG Boden, 
2005). If not available in the publication, soil type data were ob-
tained from the soil type classification map of the Federal Institute 

F I G U R E  3   Development stages (black vertical bars), phases (coloured) and reference values according to the plant developmental BBCH-
scale (Meier, 1997) similar to the Zadoks scale (Zadoks, Chang, & Konzak, 1974) for winter wheat along the whole vegetation period
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for Geosciences and Natural Resources (BGR) in Germany (Düwel, 
Siebner, Utermann, & Krone, 2007). Four soil type groups where 
identified for the experimental sites in this study: 8 loamy sands, 12 
sandy loams, 13 loams and 10 clayey silts. Locations with loamy soils 
(loam and sandy loam) are dominant within the data set over the 
experimental years from 1958 until 2015, whereas silty soils (clayey 
silt) and sandy soils (loamy sand) were predominant in the early and 
mid-1980s (Figure 4a).

Soil yield potential
The suitability of a site under agricultural land use and its estimated 
yield potential is an indicator for the annual productivity of grain 
yields. Thus, we retrieved soil yield potential for all sites in this study 
based on the Muencheberg Soil Quality Rating (MSQR) developed 

by the Leibniz Centre for Agricultural Landscape Research (ZALF) 
at a global scale (Mueller et al., 2010). In brief, this approach evalu-
ates a set of soil describing properties, such as the substrate, root-
ing depth, topsoil structure or soil compaction in combination with 
potential yield effecting hazardous factors that are critical for farm-
ing and limit the overall soil quality, such as drought risk, soil depth 
above solid rock, flooding or extreme waterlogging regimes. The 
final scores range from about 0 to 102 points and are displayed on 
a map that shows the MSQR for cropland in Germany based on the 
land use stratified soil map of Germany at scale 1:1,000,000. The 
MSQR for the 43 sites in this study ranged from 31 to 99 points, 
with a median at 69 and a mean of 67.9 points. In order to divide the 
research area in relatively poor and relatively good soils, the data set 
was split at a soil yield potential of 70 points.

F I G U R E  4   Grain yield development (as dry matter content) of winter wheat and nitrogen (N)-fertilization dosages across the study sites 
in Germany between 1949 and 2016. (a) Overall grain yield development. Data points refer to the derived experimental values (Exp. dat.) 
as described in Section 2 and to mean values of the Federal Statistical Office of Germany (Fed. Stat. Off.) The blue line visualizes the 
development of the official statistical data and the brown line shows the yield development of the experimental data. (b) Development of 
N-fertilization dosages. (c) Yield development of sites with yield potential lower than 70 points. (d) Yield development of sites with a yield 
potential of more than 70 points. The yield potential classification of the sites is based on the Muencheberg Soil Quality Rating (MSQR; 
Mueller et al., 2010; Section 2)
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2.3 | Statistical methods and models

2.3.1 | General trend analysis—Linear and  
segmented

In order to analyse the development of all obtained phenological, 
climatic and agroclimatic time series, data were fitted with ordi-
nary linear regression models (Equation 4) in the first place and de-
picted using the statistical software R (R Development Core Team, 
2008). Linear trends and point data were then analysed visually 
and when trend changes were obvious within the point data, the 
data were analysed again by segmented piecewise linear regres-
sions (Equation 5) to obtain more detailed information about these 
potential trend changes (Piepho & Ogutu, 2003; Schabenberger & 
Pierce, 2001).

where the parameters of the model are a1, a2, b1, b2 and x0.
There is an implicit constraint that the regression lines must in-

tersect at x = x0. This can be done by removing one parameter and 
explicitly introduce x0 as a parameter:

which can be transformed into:

and allows removing a2 from the list of parameters to be estimated, 
leaving the parameters a1, b1, b2 and x0.

2.3.2 | Segmented plateau analysis for maximum 
yield and nitrogen development

To test whether the yield and nitrogen development result in any 
kind of levelling, data were plotted against year using linear regres-
sions with an upper plateau (Equation 7)—graphically depicted as a 
rising line or curve followed by a plateau. The ‘linear plateau’ model 
corresponds to a special case of the segmentation approach with 
b2 = 0.

The segmentation analysis is based on an iterative approach 
where a breakpoint value is estimated based on nonlinear least 
squares (Muggeo, 2003, 2008). The initial parameters were derived 
from values of a pre-fitted ordinary linear model. The advantage of 
this type of fit is that it can estimate the year of change or transition 
to plateau. The significances of these trends were calculated using 
the t test. Only those phenological and climatic changes with signif-
icant trends were chosen for the final discussion.

2.3.3 | General decoupling—Dissecting genetic 
from nongenetic sources

Here we explicitly point out that the data set used for this analysis 
differs from the data set used to investigate phenology and climate 
trends (Figure 1). A subset of years with experimental data, which 
include cultivar information, was established. Next, all data on the 
beginning of the phenological stages, the duration of phenological 
phases and the agroclimatic variables were attached for those ex-
perimental years where it was possible to obtain this information. 
However, this data set faces certain limitations. First, the true phe-
nology of the cultivars used in the fertilization trials may differ from 
the phenological information obtained from the DWD. Second, 
agroclimatic information was only available for those years where 
weather and phenological data were available and adverse weather 
events occurred. Moreover, effects of individual agroclimatic condi-
tions are considered to occur only when they vary in their variability 
and error. It also needs to be considered that cultivars largely vary 
in occurrence, duration over time, and in location. Also, the applied 
N-levels vary between experiments, over time and in location.

To overcome the uncertainty of such unbalanced data sets, we 
used well established statistical mixed-effect models, which take 
the large number of environmental and nonenvironmental covari-
ates into account. These models include a predetermined number of 
independent factors treated as random effects. Moreover, to disen-
tangle the main effects that influence the evolution of winter wheat 
yields and to quantify the impact of an individual agroclimatic factor, 
a varying number of fixed effects can be included in these models.

Grain yield is a function of genetic and nongenetic conditions 
and thus, a standard three-way model after Laidig et al. (2008) was 
established:

where yijk represents the mean yield of the ith genotype in the jth lo-
cation and the kth year, µ is the overall mean, Gi is the main effect 
of the ith genotype, Lj is the main effect of the jth location, Yk is the 
main effect of the kth year, LYjk is the jkth location × year interaction 
effect, GLij is the ijth genotype × location interaction effect, GYik is the 
ikth genotype × year interaction effect, GLY′

ijk
 is the residual of the ijkth 

genotype × location × year interaction effect and error of the mean. As 
in Piepho et al. (2014), we assume that all effects except µ, Gi and Yk are 
random and independent with constant variance, following a normal 
distribution. Thus, we integrated genetic and nongenetic time trends 
as fixed regression components into the model. Gi was then estimated 
as the following regression term based on the YOR:

where β is the fixed regression coefficient for the genetic trend, ri is the 
first year of testing (YOR) for the ith cultivar, and Hi is the random devi-
ation of Gi from the genetic trend line. If there was a linear nongenetic 
time trend, we modelled Yk as:

(4)E (y)=a+bx,

(5)E (y)=

⎧
⎪
⎨
⎪
⎩

a1+b1x; if x<x0

a2+b2x; if x>x0

,

(6)a1+b1x0=a2+b2x0,

(7)a2=a1+b1x0−b2x0,

(8)yijk=�+Gi+Lj+Yk+LYjk+GLij+GYik+GLY�
ijk
,

(9)Gi=�ri+Hi,
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where γ is the fixed regression coefficient for the nongenetic trend, tk is 
the continuous covariate for the experimental year and Zk is a random 
residual. Both, β and γ quantify the genetic and nongenetic trends per 
year in the same units as yijk.

In this study, we made use of data from crops grown under opti-
mum N-fertilization levels and full crop protection. Hence, changes 
in agronomic practices can be considered to play a minor role and 
the time effect predominantly represents the effect of climatic 
changes. To evaluate whether the overall climate change has to be 
accounted for as linear or nonlinear regression terms in the mixed 
model, a pre-analysis was carried out, modelling the time effect first 
with a linear relationship and second with a quadratic relationship. 
The latter should account for the potential yield levelling. While the 
linear relationship was significant (p < .001) in the pretest, the qua-
dratic was not (p  =  .69). Hence, the time trend was included as a 
linear function and a potential yield levelling cannot be traced back 
to climate change only.

2.3.4 | Specific decoupling—Dissecting individual 
agroclimatic trends

We further investigated whether an agronomic variable has a spe-
cific impact on winter wheat yield development. While we assume 
that γ in Equation (10) represents all climatic changes over time com-
bined, we assume that Zk in Equation (10) neither represents the in-
teryear variability of a single agroclimatic variable appropriately nor 
does it account for the effect of a climatic factor at a specific loca-
tion. Thus, in order to simultaneously model interyear and interloca-
tion variation due to climatic or agronomic variables, we modified 
the model by regressing LYjk on these variables:

where α is the fixed regression coefficient for the respective climatic 
or agronomic covariate, sjk is the specific value of the covariate for the 
kth year and the jth location and Cjk is a random residual location × year 
interaction.

Crop growth and yields not merely depend on weather effects 
during the GS, but also on the site and soil conditions, which, hence, 
should be considered more explicitly. To account for such disparities 
among the experimental sites, the variance estimates were addition-
ally adjusted for their location attributes (Lj) yield potential and soil 
type, and each tested within separate models as:

where Lj is the main effect of the jth location, δ is the fixed regression 
coefficient for the respective spatial attribute or site condition (e.g. 
yield potential), uj is the specific value of the attribute for the jth loca-
tion and Sj is the random deviation from the trend.

2.3.5 | Estimating the intensity of individual 
agroclimatic variables on yield variation

For each independent variable assessed, the total variance, defined as the 
sum of variance components of all random effects, was estimated twice: 
once without and once with the agroclimatic variable included. The 
model without the factor is henceforth called M−x and the model with the 
specific factor is called M+x, where M is the model, x describes the specific 
factor and ‘−’ and ‘+’ refer to the absence or presence of the factor respec-
tively. In both models, trend components in Gi, Yk and Lj were modelled 
using regression Equations  (9), (10), and (12) respectively. In M+x, how-
ever, the spatio-temporal covariate sjk was modelled additionally as per 
Equation (11). The sum of all variance components estimated in M+x (Vary 
(M+x)) was subtracted from the corresponding sum estimated in M−x and 
expressed as a percentage of that of M−x (Vary (M−x)) (Equation 13), de-
scribing the impact of a single climatic or agronomic factor on the overall 
yield development. This corresponds to the coefficient of determination 
(R2) for generalized linear mixed models as introduced by Piepho (2019):

In order to assess the impact of climatic or agronomic factors on 
yield development under different site-specific conditions, this pro-
cedure was repeated for subsets of two groups of soil type and two 
groups of soil yield potential. For this purpose, soils of sandy loam 
and loamy sand were combined and addressed as sandy soils, and 
loams and clayey silts were addressed as loamy soils. The threshold 
for the two groups of different yield potential was the median yield 
potential (70) across the study sites. For further analysis, the agrocli-
matic variables were also tested for interaction with the time effect.

2.3.6 | Adjusting trends of agroclimatic covariates

To compare the slope for an agroclimatic variable (α) with the overall 
time trend (γ) and the genetic time trend (β), α was multiplied by the co-
variate's slope in an ordinary regression on time over the entire obser-
vation period (b, from Equation 4) to yield an adjustment climate trend:

3  | RESULTS

3.1 | Yield development as a result of soil type and 
site-specific yield potential

Over all the trials analysed in this study, between 1958 and 1997 
the annual yield of winter wheat increased on average by 0.12  
t DM ha−1 year−1 and reached a plateau at 8.35 t DM/ha (Figure 4a; 
equation coefficients in Table 1). This corresponds to average wheat 
yields in Germany recorded by the Federal Statistical Office which 
also show increases beginning in the late 1950s until the end of the 

(10)Yk= �tk+Zk,

(11)LYjk=�sjk+Cjk,

(12)Lj=�uj+Sj,

(13)%Vary=
Vary(M−x) −Vary(M+x)

Vary(M−x)
×100.

(14)�adj=�×b.
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1990s. From around 1997 onwards, no further yield increase was 
observed in our trial data, which also corresponds with the official 
data and with other studies which point out a yield levelling begin-
ning in the late 1990s (Brisson et al., 2010; Grassini et al., 2013). In 
parallel, the optimal nitrogen fertilizer dosage increased by about 
2 kg N ha−1 year−1 between 1958 and 2006 (Figure 4b) with no further 
increase after 2006.

At sites with relatively low yield potential (<70 quality points, 
Section 2), yield levelling occurred about a decade earlier com-
pared to the average of all sites (Figure  4c), while for sites with 
relatively high yield potential no stagnation was revealed. Still, 
our data indicate that yield levelling occurred at sites with light 

soils (sandy loams and loamy sands) as well as at sites with heavy 
soils (clayey silts and loams; Figure S1). The optimal nitrogen dos-
age showed a levelling for all soils and both yield potential groups 
(Figure S2a–d).

3.2 | Earlier occurrence of wheat growth 
stages and shortened development phases except for 
stem elongation

Besides agronomic and soil factors, weather conditions during the 
whole GS and the occurrence of severe weather events during 

TA B L E  1   Regression coefficients of winter wheat yield (t DM/ha) and N-fertilization (kg N/ha) trends estimated by segmented regression 
line analysis and simple linear models (Equations 4–7). Heavy soils refer to loams and clayey silts and light soils to sandy loams and loamy 
sands (Section 2). Low yield potential soils are soils with MSQR below 70 points and high yield potential soils are those with MSQR above 70 
points (Section 2). SE describes the standard error of the fitted parameter

Dependent variable Subset n Term Estimate SE t p

Winter wheat yield All experimental sites 328 Intercept −231 0.12 −11.43 <.001

Trend 0.12 0.01 11.77 <.001

Breakpoint 1,997.6 1.7 1,179.9 <.001

Low yield potential 211 Intercept −336.2 50.7 −6.6 <.001

Trend 0.17 0.03 6.75 <.001

Breakpoint 1,986.3 2.3 846.5 <.001

High yield potential 117 Intercept −163 12.5 −13 <.001

Trend 0.08 0.01 13.6 <.001

Heavy soils 151 Intercept −258.5 17.4 −14.9 <.001

Trend 1.34 0.01 15.24 <.001

Breakpoint 1,996.5 1.4 1,350.9 <.001

Light soils 177 Intercept −396.3 104.3 −3.8 <.001

Trend 0.2 0.05 3.86 <.001

Breakpoint 1983 3. 601.4 <.001

Federal Statistic Office 67 Intercept −226.1 10.5 −21.6 <.001

Trend 0.12 0.005 22.1 <.001

Breakpoint 1,999.3 1.41 1,421.7 <.001

Nitrogen fertilization All sites 328 Intercept −4,104.4 438.9 −9.4 <.001

Trend 2.16 0.22 9.78 <.001

Breakpoint 2,005.6 3 667.4 <.001

Heavy soils 151 Intercept −4,235.5 441.6 −9.6 <.001

Trend 2.22 0.22 10 <.001

Breakpoint 2,007.6 3.6 557.3 <.001

Light soils 177 Intercept −3,877.3 960.3 −4 <.001

Trend 2.04 0.48 4.24 <.001

Breakpoint 2,002.3 4.7 429.1 <.001

Low yield potential 211 Intercept −3,815.7 632.9 −6 <.001

Trend 2.01 0.32 6.33 <.001

Breakpoint 2,003.5 4.2 472.4 <.001

High yield potential 117 Intercept −7,144.1 825 −8.7 <.001

Trend 3.68 0.41 8.87 <.001

Breakpoint 1,997.2 1.9 1,025.6 <.001
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sensitive crop growth phases significantly affected crop develop-
ment and yields. Altogether, between 1951 and 1968 the sowing 
dates of winter wheat shifted to nearly 7 days later, while for the 
period 1969 until 2015 a shift towards earlier dates by 12.6 days 
is documented (Figure  5a; equation coefficients in Table  2). 
Yet, there was a strong geographical heterogeneity, and sowing 
tended to shift to earlier dates by up to 6 days per decade at North 
German sites, whereas South German sites showed inconsistent 
patterns of sowing dates (±2 days per decade) during the same pe-
riod (Figure S3). A similar pattern as for the overall trend in sowing 
was found for the dates of emergence (r2 =  .88 between sowing 
and emergence dates) and of heading (r2  =  .34 between sowing 
and heading dates). For both stages, the change from later dates 
towards earlier dates occurred around 1970. Harvest dates shifted 
to 26  days later between 1951 and 1961. Afterwards and until 
2015, a shift towards earlier harvests by approximately 17  days 
occurred. Between 1961 and 2015, the onset of stem elongation 
changed by 24 days towards earlier dates and the estimated hard 
dough occurred 21 days earlier in 2015 than in 1979. The growth 
duration of winter wheat was shortened by more than 2 weeks, 
which almost equally affected the vegetative and GP (Figure 5b). 
Within the VP, contrasting patterns were revealed for individual 
development stages. While the LP was shortened by 16 days be-
tween 1951 and 1974, the SP was prolonged by nearly 2 weeks 
(3.7 days per decade) between 1951 and 1987. Beyond 1974 and 
1987, no further changes in the duration of leaf development and 
stem extension, respectively, were detected. Expressed in TD 
(Section 2), the VP of winter wheat was extended by 81°Cd during 

the entire 55 years of observation time, whereas the GP was re-
duced by 72°Cd (Figure 5c). The SP was prolonged by 134°Cd in 
the period from 1951 to 1999, whereas it was reduced by 85°Cd 
between 1999 and 2006. From 1952 to 1979, the LP was reduced 
by 126°Cd.

3.3 | Increasing temperatures during the vegetative 
growth period

Across the trial locations, the annual mean temperature increased 
on average by 0.024°C/year and was nearly 1.3°C higher in 2006 
than in 1951 (Figure S4; equation coefficients in Table 3). The same 
trend was found for the mean annual minimum and maximum tem-
peratures. The temperature increase was accompanied by an in-
crease of the mean annual potential evapotranspiration by 1.6 mm 
per year, summing up to 85 mm over the entire observation period 
of 55 years. However, mean annual precipitation and mean annual 
CWB did not change significantly, even though the latter showed a 
negative trend indicating dryer conditions.

Climate change became apparent not only by enhanced annual 
mean temperatures but also by higher mean temperatures during 
the VP of winter wheat (Figure 6a; equation coefficients in Table 3). 
Temperatures in this phase were approximately 0.8°C higher in 2006 
than in 1951. The VP reflects in the pattern of a shortened total 
duration in days (Figure  5b), but also of a prolongation of the TD 
(Figure 5c). The reduced duration of the GP (both, in days and ther-
mal) and a reduced amount of total precipitation during that phase 

F I G U R E  5   Estimated phenology 
trends of winter wheat across the study 
sites between 1951 and 2015. (a) Average 
days of sowing, harvest and the actual 
crop phenological stages (emergence, 
begin of stem elongation, heading and 
hard dough) after 1 September. Average 
duration (b) and thermal duration (c) of the 
entire growing season (GS) divided into 
the generative phase (GP) and vegetative 
phase (VP). The latter comprises the leaf 
development phase (LP) and the stem 
elongation phase (SP). Inverse triangles 
indicate trend changes
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by approximately 52 mm (Figure 6b) may have had negative effects 
on the overall grain-filling period and consequently on winter wheat 
yields. Moreover, a change was observed for the potential evapotrans-
piration during this phase (Figure 6c) as well as for the CWB by 86 mm 
(Figure 6d). An increase of the potential evapotranspiration was ad-
ditionally detected for the SP from 1951 onwards before it started to 
decrease between around 1992 and 2006. By contrast, the potential 
evapotranspiration during the LP decreased constantly throughout 
the entire observation period. The VP apparently, was dominated by 
the course of evapotranspiration during the SP. It is noteworthy that 

between 1998 and 2006, TD during stem elongation decreased by 
about 40°Cd, and the trend of potential evapotranspiration turned 
from an increase to a decrease in 1992, which lasted until 2006.

3.4 | Climatic variation explained yield 
variability the most

Differentiating the results of the main influential factors on yield 
development from the specific agroclimatic effects, the general 

Stages and phases Term Estimates SE t p

Sowing Intercept −743.6 245.1 −3.033 .004

Trend part 1 0.401 0.125 3.209 .002

Trend part 2 −0.668 0.129 −5.189 <.001

Breakpoint 1,968.2 2.254 0 <.001

Emergence Intercept −991.5 252.8 −3.923 <.001

Trend part 1 0.535 0.129 4.152 <.001

Trend part 2 −0.886 0.135 −6.568 <.001

Breakpoint 1,970.2 2 0 <.001

Stem elongation  
begin

Intercept 1,113.4 75.9 14.676 <.001

Trend −0.437 0.038 −11.426 <.001

Heading Intercept −296.5 403.4 −0.735 .465

Trend part 1 0.297 0.206 1.442 .155

Trend part 2 −0.703 0.215 −3.265 .002

Breakpoint 1,970 3.995 0 .001

Hard dough Intercept 500.9 295.7 1.694 .095

Trend part 1 −0.083 0.15 −0.55 .584

Trend part 2 −0.529 0.188 −2.807 .007

Breakpoint 1,979.5 6.442 0 .008

Harvest Intercept −4,529.9 1,232.9 −3.674 .001

Trend part 1 2.488 0.63 3.95 <.001

Trend part 2 −2.797 0.633 −4.419 <.001

Breakpoint 1,962 1.489 0 <.001

Growing Season Intercept 746.5 106.8 6.99 <.001

Trend −0.238 0.054 −4.411 <.001

Leaf development Intercept 1,654.3 246.4 6.713 <.001

Trend part 1 −0.743 0.126 −5.916 <.001

Trend part 2 0.640 0.138 4.650 <.001

Breakpoint 1,974 3.241 0 <.001

Stem elongation Intercept −674.5 88.1 −7.656 <.001

Trend part 1 0.359 0.045 8.017 <.001

Trend part 2 −0.433 0.078 −5.555 <.001

Breakpoint 1,987 3.178 0 <.001

Vegetative phase Intercept 438.8 85.3 5.147 <.001

Trend −0.108 0.043 −2.513 .015

Generative phase Intercept 316.2 64.7 4.888 <.001

Trend −0.134 0.033 −4.099 <.001

TA B L E  2   Regression coefficients of the 
linear and segmented regression analysis 
of the phenological beginning (days after 
September 1) and duration (d) of winter 
wheat development
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TA B L E  3  Regression coefficients for the linear and segmented trends of climatic factors during phenological phases of winter wheat. p 
values refer to the slope coefficient

Climate factor Unit Stages and phases Period Intercept Trend p

Thermal duration °Cd Growing season 1952–2006 2,735.9 −0.307 .711

Vegetative phase 1952–2006 −1,742.5 1.504 .045

Generative phase 1951–2006 3,485.8 −1.313 <.001

Leaf development 1952–1979 9,999.9 −4.671 .011

1979–2006 −6,214.4 3.522 .099

Stem elongation 1951–1999 −5,055.1 2.786 <.001

1999–2006 24,898.9 −12.198 .013

Mean temperature °C Growing season 1952–2006 −4.8 0.006 .342

Vegetative phase 1952–2006 −25.2 0.015 .024

Generative phase 1951–2006 −8.4 0.013 .166

Leaf development 1952–2006 −14.9 0.009 .218

Stem elongation 1951–2006 13.5 0 .992

Calendar year 1951–2006 −39.1 0.024 <.001

Maximum temperature °C Growing season 1952–2006 −7.2 0.009 .175

Vegetative phase 1952–2006 −21.5 0.015 .023

Generative phase 1951–2006 −13.5 0.018 .14

Leaf development 1952–2006 −8.4 0.008 .309

Stem elongation 1951–2006 16.8 0.001 .931

Calendar year 1951–2006 −37.3 0.025 <.001

Minimum temperature °C Growing season 1952–2006 −10.9 0.007 .316

Vegetative phase 1952–2006 −35.6 0.019 .013

Generative phase 1951–2006 −0.3 0.006 .347

Leaf development 1952–2006 −29.5 0.015 .078

Stem elongation 1951–2006 8.1 0 .998

Calendar year 1951–2006 −43.3 0.024 <.001

Precipitation mm Growing season 1952–2006 1,594.6 −0.516 .531

Vegetative phase 1952–2006 −1,017.4 0.73 .245

Generative phase 1951–2006 2,000.3 −0.937 .018

Leaf development 1952–2006 −683.6 0.522 .347

Stem elongation 1951–2006 −320.7 0.202 .393

Calendar year 1951–2006 −859.8 0.815 .371

Potential  
evapotranspiration

mm Growing season 1952–2006 −488.9 0.518 .214

Vegetative phase 1952–1992 −486.9 0.399 .153

1992–2006 4,979 −2.345 .041

Generative phase 1951–2006 −1,003.6 0.631 .072

Leaf development 1952–2006 1,687.4 −0.768 <.001

Stem elongation 1951–1992 −2,571.6 1.371 <.001

1992–2006 4,678.5 −2.27 .024

Calendar year 1951–2006 −4,719.1 2.758 <.001

Climatic water balance mm Growing season 1952–2006 2,131.8 −1.06 .355

Vegetative phase 1952–2006 −1,377.4 0.76 .277

Generative phase 1951–2006 3,003.9 −1.567 .023

Leaf development 1952–2006 −2,301.4 1.254 .034

Stem elongation 1951–2006 935.1 −0.499 .14

Calendar year 1951–2006 3,852.3 −1.939 .2
(Continues)
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findings are discussed first and the individual climatic factors there-
after. The effect of the three main influential factors—‘genotype’ 
(genetic variation over time), ‘location’ (covering all regional vari-
ation) and ‘time’ (comprising all changes along the timeline except 

those caused by altering genotypes; Section 2)—as well as their 
interactions highlight that the genotype effect explained about 
4% of the variability of the yield development and therefore was 
comparatively low (Figure  7). The effect of the location on crop 

F I G U R E  6   Climate trends within 
phenological growth phases of winter 
wheat across the study sites in Germany. 
Trends are shown for the growing 
season (GS), vegetative phase (VP), leaf 
development phase (LP), generative phase 
(GP) and stem elongation phase (SP).  
(a) Mean temperature between 1951 and 
2014. (b) Precipitation between 1951 
and 2014. (c) Wheat-specific potential 
evapotranspiration between 1951 and 
2006. (d) Wheat-specific climatic water 
balance between 1951 and 2006

F I G U R E  7   Proportions of variance explained by the main influential factors (genotype, location and time) and their interactions in 
German long-term yield data. Results indicate a relative strong variance of all factors that changes along the timeline (time effect) except 
those caused by altering genotypes, which were relatively low. Moderate variabilities were only found for the location effect and the 
location × time interaction. Other interaction effects were rather low with no effect for the genotype × time interaction

Climate factor Unit Stages and phases Period Intercept Trend p

Global radiation sum W/m2 Growing season 1983–2015 −4,151.6 2.972 .352

Vegetative phase 1983–2015 −78.7 0.599 .85

Generative phase 1983–2015 −4,016.5 2.351 .271

Leaf development 1983–2015 430.3 0.124 .967

Stem elongation 1983–2015 −171.5 0.311 .898

Calendar year 1951–2006 −19,682.9 11.179 .099

TA B L E  3   (Continued)
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yield explained about 22% of the total variance. Nearly 17% of the 
variance was explained by the location × time interaction, whereas 
the genotype × time interaction and the genotype × location inter-
action either had no or a very low impact of about 1%. The three-
way genotype ×  location ×  time interaction accounted for 5% of 
the total variance. However, the variability of the long-term yield 
development was predominantly explained by more than 50% of 
the total of the factors summarized as time effect. Changes in 
agronomic practices only play a minor role since data from crops 
grown under optimum N-fertilization levels and full crop protec-
tion were considered. Thus, the time effect mainly represents cli-
matic changes.

3.5 | Elevated temperatures, heat stress and 
drought-affected yield development

In order to quantify the influence of an individual agroclimatic factor 
in terms of explained variance on yield development, we modified 
our model by including a fixed regression term for that particular 
agroclimatic variable (Section 2). The estimated variances explain 
the importance of a tested variable on yield development and can be 
considered as a ‘coefficient of determination’ for mixed-effect mod-
els (Piepho, 2019; Section 2).

The increase of the mean temperature during the GP explained 
about 16% of the yield variance over all locations (Figure 8; Table 4). 
Higher temperatures are presumed to have led to enhanced evapo-
transpiration rates during that phase, which also had an effect 
of about 16%. The number of days with maximum temperatures 
above 27 or 31°C during the GP explained about 25% and 17%, 
respectively, of the variance. While the effect of the mean global 
radiation on yield variation was relatively low during the entire GS 
(<2%), it was more pronounced during the phase of leaf develop-
ment (6%) and stem elongation (4%). Heat stress and temperature 
effects were less pronounced when the influence of the soil yield 
potential or the soil type was removed from the random effects 
(Table S3).

The trend of the agroclimatic factors on yield development 
(Table 5), however, may vary from their magnitude of the explained 
variance. As for the genetic and nongenetic (time) effects, the trends 
were positively related to yield development at all sites combined 
and increased in average by about 0.044 and 0.049  t  ha−1  year−1 
respectively. The individual agroclimatic variables, however, were 
mainly negatively associated with yield (except for the mean global 
radiation during the SP). For instance, while the mean temperature 
during the GP (°C) reduced yields by about −0.278 t ha−1 °C−1 tem-
perature increase, the effect over time was comparatively low with 
−0.004 t ha−1 year−1.

F I G U R E  8   Effect of selected agroclimatic variables on winter wheat yield development. Each break represents an agroclimatic variable 
and the stretches of the coloured areas shows their influence in percentages, described as ‘coefficient of determination for mixed effect-
models’ (Section 2). Low yield potential sites refer to sites with quality points between 0 and less than 70, while high yield potential sites 
refer to quality points between 70 and 100. The classification is based on the Muencheberg Soil Quality Rating (MSQR; Mueller et al., 2010; 
Section 2). Tmean is the average temperature (°C), Tmax is the maximum temperature (°C), HS27n is defined as the number of heat stress days 
above 27°C, HS31n is defined as the number of heat stress days above 31°C, GRmean is the average global radiation (W/m2), Psum is the 
total precipitation amount (mm), HR20sum is the total amount of precipitation of days with minimum 20 mm precipitation (mm), ETPmean 
is the average winter wheat-specific potential evapotranspiration (mm), and CWBsum is the wheat-specific climatic water balance (mm). 
All climate variables are related to wheat-specific growth stages: the entire growing season (GS), the vegetative phase (VP), the generative 
phase (GP), the leaf developmental phase (LP) and the shooting phase (SP; Section 2). The mathematical symbol ‘+’ describes a positive 
relationship to yield development and the ‘−’ a negative relationship (Table 2)
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TA B L E  4   Estimated explained variance (%) of the agroclimatic variables (units in parentheses) on winter wheat yield development 
between 1958 and 2006 across the study sites in Germany. All explained variances are estimated after accounting for the genetic and 
nongenetic time trends. Low yield potential sites refer to sites with quality points between 0 and less than 70, while high yield potential sites 
refer to quality points between 70 and 100. (Section 2)

Phenological 
phase or stage

Agroclimatic 
variable Description

Sites

Explained variance (%) n

All

Low  
yield 
potential

High  
yield 
potential All

Low  
yield 
potential

High  
yield 
potential

Growing  
season

GS_HS27_n Number of heat stress days with 
Tmax > 27°C

22 24.7 16.1 236 141 95

GS_HS31_n Number of heat stress days with 
Tmax > 31°C

13.1 15.3 22.3 236 141 95

GS_HS27_Tm_n Number of heat stress days with 
Tmean > 27°C

4.3 3.7 2.1 236 141 95

GS_HS27_sum Cumulative heat stress temperature with 
Tmax > 27°C (°C)

22.6 25.2 17.4 236 141 95

GS_HS31_sum Cumulative heat stress temperature with 
Tmax > 31°C (°C)

13.4 15.4 23.3 236 141 95

GS_HS27_Tm_sum Cumulative heat stress temperature with 
Tmean > 27°C (°C)

4.2 3.6 2.1 236 141 95

GS_GR_mean Daily global radiation mean (W/m2) — — 7.4 — — 87

GS_ETPm Daily potential evapotranspiration mean 
(mm)

12.2 13.7 5.3 231 136 95

GS_ETPs Total potential evapotranspiration sum 
(mm)

11.1 15.8 3.2 231 136 95

GS_CWBneg_n Number of days with negative climatic 
water balance

2.4 1.8 — 236 141 —

GS_CWBm Daily climatic water balance mean (mm) 2.7 5.1 — 231 136 —

GS_CWBs Total climatic water balance sum (mm) 2.9 5.3 — 231 136 —

GS_TD Thermal duration (°Cd) 2.3 4.5 — 231 136 —

GS Duration (d) 6.3 8.7 — 233 138 —

Generative 
phase

GP_T_mean Mean temperature (°C) 15.9 18.6 12 229 134 95

GP_T_max Maximum temperature (°C) 18 22.5 11.4 232 137 95

GP_HS27_n Number of heat stress days with 
Tmax > 27°C

24.8 28.8 15.5 236 141 95

GP_HS31_n Number of heat stress days with 
Tmax > 31°C

16.7 21 24.8 236 141 95

GP_HS27_Tm_n Number of heat stress days with 
Tmean > 27°C

4.3 3.7 2.1 236 141 95

GP_HS27_sum Cumulative heat stress temperature with 
Tmax > 27°C (°C)

25.5 29.5 17.1 236 141 95

GP_HS31_sum Cumulative heat stress temperature with 
Tmax > 31°C (°C)

16.9 21.1 25.7 236 141 95

GP_HS27_Tm_sum Cumulative heat stress temperature with 
Tmean > 27°C (°C)

4.2 3.6 2.1 236 141 95

GP_GR_sum Total global radiation sum (W/m2) — 1.2 4.7 — 108 87

GP_ETPm Daily potential evapotranspiration mean 
(mm)

18.2 26.1 3.8 229 — 95

GP_ETPs Total potential evapotranspiration sum 
(mm)

11.1 16.4 6 229 — 95

GP_CWBm Daily climatic water balance mean (mm) 2.9 7.5 — 229 — —

GP_CWBs Total climatic water balance sum (mm) — 3.1 — — 134 —

GP_TD Thermal duration (°Cd) — — 2.9 — 95 —

GP Duration (d) 4.3 11 — 232 137 —
(Continues)
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3.6 | Sites with relatively low yield potential 
were particularly affected by temperature and heat 
stress events

After analysing the sensitivity of individual agroclimatic factors for 
the total of the sites represented, we separately examined those sites 
with relatively low (<70 quality points) and relatively high (>70 quality 
points) soil yield potential (Section 2). In comparison to the average of 
all locations, temperature-related effects were on average about one-
sixth higher at sites with low yield potential (Figure  8 and Table  4). 

There, the number of days with heat stress above 27°C during the GP 
explained nearly 30%, being the strongest effect of a single agrocli-
matic factor at the same time. Heat stress days above 31°C during the 
GP still explained up to 21%. The number of heat stress days above 
31°C doubled within the whole observation period considered (Figure 
S6). Moreover, while the effect of the mean temperature during the 
GP increased to as much as 19%, the effect of maximum temperatures 
during the GP was even more pronounced and explained nearly 23% 
of the yield variation. As a consequence, the effect of the mean evapo-
transpiration during the GP also increased by more than one-third at 

Phenological 
phase or stage

Agroclimatic 
variable Description

Sites

Explained variance (%) n

All

Low  
yield 
potential

High  
yield 
potential All

Low  
yield 
potential

High  
yield 
potential

Vegetative 
phase

VP_T_mean Mean temperature (°C) 2 — — 231 — —

VP_HR20_n Number of days with precipitation 
>20 mm (mm)

2.3 — — 236 — —

VP_HR20_sum Cumulative rainfall amount of days with 
precipitation >20 mm (mm)

2.8 — — 236 — —

VP_GR_mean Daily global radiation mean (W/m2) — 1.1 — 108 —

VP_CWBneg_n Number of days with negative climatic 
water balance

3.7 — — 236 — —

VP_TD Thermal duration (°Cd) 2.1 — 3.6 231 — 95

Leaf 
development 
phase

LP_T_mean Mean temperature (°C) 3 — — 231 — —

LP_GR_mean Daily global radiation mean (W/m2) 5.6 2 30.4 195 108 87

LP_GR_sum Cumulative global radiation amount (W/
m2)

1.5 — 9.3 195 — 87

LP_P_mean Daily precipitation mean (mm) 2.9 — — 231 — —

LP_CWBm Daily climatic water balance mean (mm) 3.1 — — 231 — —

LP_CWBneg_n Number of days with negative climatic 
water balance

3.3 4.3 — 236 141 —

LP_TD Thermal duration (°Cd) 2.7 — — 231 — —

LP Duration (d) 2.6 3.8 — 233 138 —

Stem 
elongation 
phase

SP_HS27_n Number of heat stress days with 
Tmax > 27°C

— — 1.6 — 95

SP_HS27_sum Cumulative heat stress temperature with 
Tmax > 27°C (°C)

— — 1.8 — 59

SP_GR_mean Daily global radiation mean (W/m2) 3.9 — 6.9 196 — 87

SP_P_mean Daily precipitation mean (mm) — — 2.5 — 95

SP_P_sum Total precipitation sum (mm) 3.3 — 5.5 231 — 95

SP_HR20_n Number of days with precipitation 
>20 mm

3.3 — — 236 — —

SP_HR20_sum Cumulative rainfall amount of days with 
precipitation >20 mm

3.5 — — 236 — —

SP_CWBm Daily climatic water balance mean (mm) — — 2.7 — 95

SP_CWBs Total climatic water balance sum (mm) — — 6.1 — 95

Sowing SD Day of year 9.1 11.2 6.1 233 138 95

Emergence ED Day of year 9 6.6 5 233 138 95

Hard dough HDD Day of year 4.4 9.7 — 234 139 —

Harvest HVD Day of year 2.8 8.9 — 233 138 —

TA B L E  4   (Continued)
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TA B L E  5   Coefficient estimates of the fixed effects (genotype, time and selected agroclimatic variables as found in Figure 4) in the mixed-
effect models on the yield development over time. SE denotes the standard error, df the degree of freedom, n the number of observations 
and p the significance of the estimates of each model. Values in parentheses describe the trend of the appropriate selected agroclimatic 
variable adjusted by its trend over time (Section 2). Low yield potential sites refer to sites with quality points between 0 and less than 70, 
while high yield potential sites refer to quality points between 70 and 100 (Section 2)

Sites Model n Effect Estimate SE df t p

All 1 229 Intercept −70.674 17.689 53.5 −3.996 <.001

Genotype 0.042 0.009 52.6 4.658 <.001

Time 0.065 0.014 91.9 4.606 <.001

Mean temperature during the generative 
phase (°C)

−0.278 (−0.004) 0.09 36.2 −3.1 .0037

2 232 Intercept −70.987 17.587 53.2 −4.036 <.001

Genotype 0.042 0.009 52.4 4.721 <.001

Time 0.064 0.014 97 4.617 <.001

Maximum temperature during the 
generative phase (°C)

−0.228 (−0.004) 0.068 44.9 −3.329 .0017

3 236 Intercept −71.15 17.671 53.6 −4.026 <.001

Genotype 0.04 0.009 53.6 4.472 <.001

Time 0.066 0.014 99.4 4.793 <.001

Number of days with Tmax > 27°C during 
the generative phase

−0.098 (−0.0005) 0.021 66.2 −4.547 <.001

4 236 Intercept −67.226 17.787 56.3 −3.78 <.001

Genotype 0.038 0.009 56.3 4.195 <.001

Time 0.063 0.014 93.8 4.437 <.001

Number of days with Tmax > 31°C during 
the generative phase

−0.291 (−0.001) 0.074 77.9 −3.92 <.001

5 196 Intercept −111.275 22.055 21.8 −5.045 <.001

Genotype 0.06 0.011 21.7 5.412 <.001

Time 0.065 0.027 51.9 2.44 .0181

Global radiation mean during the growing 
season (W/m2)

−0.027 (−0.0006) 0.024 78.2 −1.141 .2572

6 195 Intercept −111.901 22.138 21.6 −5.055 <.001

Genotype 0.061 0.011 21.6 5.409 <.001

Time 0.057 0.026 43.2 2.217 .0319

Global radiation mean during the leaf 
development phase (W/m2)

−0.037 (0.0031) 0.022 64.1 −1.671 .0996

7 196 Intercept −107.707 22.308 21.5 −4.828 <.001

Genotype 0.057 0.011 21.5 5.11 <.001

Time 0.038 0.027 42.1 1.404 .1678

Global radiation mean during the stem 
elongation phase (W/m2)

0.006 (0.002) 0.005 67.6 1.196 .236

8 231 Intercept −67.273 17.884 55.1 −3.762 <.001

Genotype 0.038 0.009 55 4.213 <.001

Time 0.062 0.015 95.2 4.164 <.001

Cumulative precipitation amount during 
the stem elongation phase (mm)

−0.003 (−0.006) 0.002 88.6 −1.326 .1874

9 133 Intercept −68.859 17.779 55.7 −3.873 <.001

Genotype 0.027 0.011 39.9 2.447 .0189

Time 0.063 0.018 89.2 3.443 <.001

Cumulative precipitation amount of days 
with precipitation >20 mm during the 
vegetative phase (mm)

−0.013 (−0.0007) 0.005 54.3 −2.747 .0081

(Continues)
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Sites Model n Effect Estimate SE df t p

10 229 Intercept −72.312 17.656 54.3 −4.096 <.001

Genotype 0.04 0.009 52.9 4.44 <.001

Time 0.06 0.015 87.7 4.107 <.001

Mean potential evapotranspiration during 
the generative phase (mm)

−0.01 (−0.0063) 0.004 87.4 −2.325 .0224

11 231 Intercept −67.449 17.968 54.8 −3.754 <.001

Genotype 0.038 0.01 54.6 4.234 <.001

Time 0.062 0.015 92 4.14 <.001

Climatic Water balance during the stem 
elongation phase (mm)

−0.06 (0.0299) 0.085 91 −0.704 .4832

Low yield 
potential

1 134 Intercept −79.469 19.39 30.4 −4.098 <.001

Genotype 0.0463 0.01 29.6 4.729 <.001

Time 0.0638 0.018 71.2 3.489 <.001

Mean temperature during the generative 
phase (°C)

−0.31 (−0.0039) 0.119 31.8 −2.606 .0138

2 137 Intercept −79.03 19.306 30.6 −4.094 .0003

Genotype 0.0463 0.01 29.8 4.762 <.001

Time 0.0609 0.018 79.9 3.48 <.001

Maximum temperature during the 
generative phase (°C)

−0.261 (−0.0039) 0.091 37.8 −2.864 .0068

3 141 Intercept −79.858 19.323 32.6 −4.133 <.001

Genotype 0.044 0.01 32.6 4.546 <.001

Time 0.061 0.017 83.4 3.579 <.001

Number of days with Tmax > 27°C during 
the generative phase

−0.115 (−0.0055) 0.03 54.8 −3.846 <.001

4 141 Intercept −75.933 19.602 34.1 −3.874 <.001

Genotype 0.042 0.01 34.1 4.257 <.001

Time 0.062 0.018 87.6 3.551 <.001

Number of days with Tmax > 31°C during 
the generative phase

−0.36 (−0.0017) 0.105 56.6 −3.44 .0011

5 109 Intercept −140.762 19.185 8.6 −7.337 <.001

Genotype 0.075 0.01 8.4 7.755 <.001

Time 0.07 0.034 50.1 2.053 .0454

Global radiation mean during the growing 
season (W/m2)

−0.02 (−0.0001) 0.034 40.3 −0.588 .5596

6 108 Intercept −142.203 19.19 8.4 −7.41 <.001

Genotype 0.076 0.01 8.4 7.818 <.001

Time 0.059 0.035 49.9 1.708 .0939

Global radiation mean during the leaf 
development phase (W/m2)

−0.04 (0.0003) 0.029 39.1 −1.377 .1762

7 109 Intercept −139.277 19.93 8.9 −6.988 <.001

Genotype 0.073 0.01 8.9 7.29 <.001

Time 0.03 0.035 50.9 0.856 .3962

Global radiation mean during the stem 
elongation phase (W/m2)

0.01 (0.0036) 0.008 38.4 1.335 .1896

TA B L E  5   (Continued)

(Continues)
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Sites Model n Effect Estimate SE df t p

8 141 Intercept −76.159 19.703 33.1 −3.865 <.001

Genotype 0.042 0.01 33.1 4.245 <.001

Time 0.06 0.018 88.8 3.263 .0016

Cumulative precipitation amount during 
the stem elongation phase (mm)

−0.004 (−0.0037) 0.003 54.8 −1.6 .1153

9 141 Intercept −78.441 19.483 33 −4.026 <.001

Genotype 0.043 0.01 33 4.4 <.001

Time 0.059 0.018 88.3 3.216 .0018

Cumulative precipitation amount of days 
with precipitation >20 mm during the 
vegetative phase (mm)

−0.006 (−0.0015) 0.003 60.2 −1.805 .0762

10 134 Intercept −80.651 19.487 31 −4.139 <.001

Genotype 0.045 0.01 30.9 4.612 <.001

Time 0.065 0.018 71 3.586 <.001

Mean potential evapotranspiration during 
the generative phase (mm)

−0.517 (−0.0116) 0.168 42.5 −3.077 .0036

11 136 Intercept −76.251 19.876 32.5 −3.836 <.001

Genotype 0.042 0.01 32.5 4.178 <.001

Time 0.059 0.019 78 3.127 .0025

Climatic Water balance during the stem 
elongation phase (mm)

−0.004 (0.0002) 0.003 48.1 −1.244 .2197

High yield 
potential

1 134 Intercept −79.469 19.39 30.4 −4.098 <.001

Genotype 0.0463 0.01 29.6 4.729 <.001

Time 0.0638 0.018 71.2 3.489 <.001

Mean temperature during the generative 
phase (°C)

−0.31 (−0.0039) 0.119 31.8 −2.606 .0138

2 137 Intercept −79.03 19.306 30.6 −4.094 .0003

Genotype 0.0463 0.01 29.8 4.762 <.001

Time 0.0609 0.018 79.9 3.48 <.001

Maximum temperature during the 
generative phase (°C)

−0.261 (−0.0039) 0.091 37.8 −2.864 .0068

3 141 Intercept −79.858 19.323 32.6 −4.133 <.001

Genotype 0.044 0.01 32.6 4.546 <.001

Time 0.061 0.017 83.4 3.579 <.001

Number of days with Tmax > 27°C during 
the generative phase

−0.115 (−0.0055) 0.03 54.8 −3.846 <.001

4 141 Intercept −75.933 19.602 34.1 −3.874 <.001

Genotype 0.042 0.01 34.1 4.257 <.001

Time 0.062 0.018 87.6 3.551 <.001

Number of days with Tmax > 31°C during 
the generative phase

−0.36 (−0.0017) 0.105 56.6 −3.44 .0011

5 109 Intercept −140.762 19.185 8.6 −7.337 <.001

Genotype 0.075 0.01 8.4 7.755 <.001

Time 0.07 0.034 50.1 2.053 .0454

Global radiation mean during the growing 
season (W/m2)

−0.02 (−0.0001) 0.034 40.3 −0.588 .5596

(Continues)
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sites with light soils to 26% in comparison to the total of the sites 
considered. Similar effects were found for soils classified as light soils, 
which are shown in Table S6.

Except for the effect of days with maximum temperatures above 
31°C during the GP, temperature and heat stress effects were less 
pronounced at sites with higher yield potential (Figure 8). Here the 
explained yield variance decreased to about 16% for the effect of 
days with maximum temperatures above 27°C during the GP. Yet, 
when stress events with maximum temperatures above 31°C oc-
curred, the explained variance increased from 17% to 25%.

Regarding the exposure of wheat to heat stress events above 
31°C during the GP along the overall time effect, sites with fewer 
heat stress events were less afflicted by high temperatures than sites 
with more stress events (Figure 9a). Winter wheat yields increased 
at sites of low yield potential and with an average of 1.6 heat stress 
days by 0.1 t DM ha−1 year−1, while at sites with an average of 3.6 
heat stress days yields increased by about 0.088 t DM ha−1 year−1. 

At sites with high yield potential and exposed to 1.9 heat stress days 
during the GP, yields increased by about 0.072 t DM ha−1 year−1 and 
by about 0.071 t DM ha−1 year−1 at sites with 3.0 heat stress days 
(Figure 9b).

3.7 | Negative effects due to high rainfall 
events and water deficit

Interestingly, our data reveal that effects related to high precipita-
tion events (defined as days with more than 20 mm precipitation) 
became relevant during the VP (Figure 8). Here the total amount of 
precipitation through high rainfall events explained about 2.8% of 
the variance in winter wheat yields. The effect was strongest dur-
ing the SP (3.5%), which still is inferior to temperature-related ef-
fects. Nevertheless, waterlogging might become more likely due to 
high precipitation events, leading to oxygen deficiency or enhanced 

TA B L E  5   (Continued)

Sites Model n Effect Estimate SE df t p

6 108 Intercept −142.203 19.19 8.4 −7.41 <.001

Genotype 0.076 0.01 8.4 7.818 <.001

Time 0.059 0.035 49.9 1.708 .0939

Global radiation mean during the leaf 
development phase (W/m2)

−0.04 (0.0003) 0.029 39.1 −1.377 .1762

7 109 Intercept −139.277 19.93 8.9 −6.988 <.001

Genotype 0.073 0.01 8.9 7.29 <.001

Time 0.03 0.035 50.9 0.856 .3962

Global radiation mean during the stem 
elongation phase (W/m2)

0.01 (0.0036) 0.008 38.4 1.335 .1896

8 141 Intercept −76.159 19.703 33.1 −3.865 <.001

Genotype 0.042 0.01 33.1 4.245 <.001

Time 0.06 0.018 88.8 3.263 .0016

Cumulative precipitation amount during 
the stem elongation phase (mm)

−0.004 (−0.0037) 0.003 54.8 −1.6 .1153

9 141 Intercept −78.441 19.483 33 −4.026 <.001

Genotype 0.043 0.01 33 4.4 <.001

Time 0.059 0.018 88.3 3.216 .0018

Cumulative precipitation amount of days 
with precipitation >20 mm during the 
vegetative phase (mm)

−0.006 (−0.0015) 0.003 60.2 −1.805 .0762

10 134 Intercept −80.651 19.487 31 −4.139 <.001

Genotype 0.045 0.01 30.9 4.612 <.001

Time 0.065 0.018 71 3.586 <.001

Mean potential evapotranspiration during 
the generative phase (mm)

−0.517 (−0.0116) 0.168 42.5 −3.077 .0036

11 136 Intercept −76.251 19.876 32.5 −3.836 <.001

Genotype 0.042 0.01 32.5 4.178 <.001

Time 0.059 0.019 78 3.127 .0025

Climatic Water balance during the stem 
elongation phase (mm)

−0.004 (0.0002) 0.003 48.1 −1.244 .2197
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erosion processes, which causes nutrient losses accelerated by a re-
duced ground cover canopy in particular during the LP at sites with 
higher clay content (Malik, Colmer, Lambers, Setter, & Schortemeyer, 
2002; Nearing et al., 2005). The effect of the overall precipitation 
amount during the SP was more than 1.5-fold stronger at sites of 
high yield potential (5.5%) as compared to all sites (3.3%). The magni-
tude of radiation effects increased at sites with higher yield potential, 
foremost during leaf development to up to 30%. The relatively large 
temperature and radiation effects are presumed to have resulted in 
an enhanced effect of the negative CWB in particular during stem 
elongation. This effect was not evident when considering the total of 
all sites or sites with low yield potential only. All climate effects are 
found in a similar way in soils classified as heavy (Table S7).

4  | DISCUSSION

For interpreting the results of the statistical models used for time-
series analysis, several aspects need to be considered. First, these 
models tend to include collinearity effects between predictor vari-
ables (e.g. temperature and precipitation) and hence results do not 
stack up automatically to 100% (Lobell & Burke, 2010b). This means 
a single effect might be suppressed or intensified due to interde-
pendencies or confounding effects with other variables. Moreover, 
they assume that past relationships will continue in future, even 
though, for example, management systems may have evolved or 
changed completely, and they may have low signal-to-noise ra-
tios in yield or weather records in many locations (Lobell & Burke, 
2010a).

In this meta-analysis, we found that many agroclimatic effects 
were negatively related to yield development except for the mean 
global radiation during SP. We assume that the prolongation of the 
SP was caused by breeding progress since the mean temperature 
during this phase did not change significantly and modelling re-
vealed no effect. Moreover, the SP is known to be critical for yield 
development and has been proposed as a target trait to improve 

yield and environmental adaptation of wheat in numerous stud-
ies (González, Slafer, & Miralles, 2003; Kronenberg, Yu, Walter, & 
Hund, 2017; Miralles, Richards, & Slafer, 2000). The prolongation 
of the SP may, however, also have been due to advanced sow-
ing dates. The advanced sowing may have been a consequence 
of changed climates prior to sowing dates (Johnen, Boettcher, & 
Kage, 2012). The probability of a higher number of leaf primor-
dia initiated between sowing and the double ridge stage is greater 
with earlier sowing and may lead to a delay in the appearance of 
the leaves that emerge until stem elongation and of the final flag 
leaf until heading (Johnen et al., 2012). However, the duration of 
the SP did not change significantly beyond 1988—nearly one de-
cade before winter wheat yields, in general, started to level off 
(Figure 4a). Interestingly, the TD of the SP showed an ongoing in-
crease by approximately 40°Cd between 1988 and 1997. This may 
indicate that in this period winter wheat continued to increase 
radiation uptake due to enhanced temperature and light use po-
tential during stem elongation as well as due to increased nitrogen 
uptake from the continuous increase of fertilizer input (Loomis & 
Amthor, 1999).

The values presented in Figure  7 reflect the explained vari-
ance of the main effects (genotype, location, time) and their inter-
actions. The results show that the variability of the time effects 
explained the variance of the winter wheat yields over time and 
across the study sites the most, followed by the variability of the 
location effect. However, a lower explained variance of the gen-
otype effect does not automatically mean that this factor has a 
lower influence on yield development. The slopes of the specific 
covariates used in the fixed regression part of the mixed-effects 
model might, therefore, provide a more detailed assessment 
(Table 5). While most of the agroclimatic parameters had a nega-
tive impact on yield development, the effect of the genotype was 
always positive. However, the slopes of the agroclimatic covari-
ates come in their own unit (e.g. °C) and in themselves have no 
time unit as the genetic and the overall time effect. Hence, an ad-
justed climate trend, which was obtained by multiplying the slope 

F I G U R E  9   Grain yield evolution of winter wheat at sites with different heat stress conditions during the generative growth phase at sites 
with (a) low (0–70 quality points) and (b) high (70–100 quality points) yield potential (classified based on the Muncheberg Soil Quality Rating 
[MSQR; Mueller et al., 2010; Section 2]). The different colours depict the number of heat stress days during generative phase for each single 
site-year (points) and trend (lines) at the sites with the lowest (green lines [a] & [b]) and highest (red line [a]; orange line [b]) number of heat 
stress days
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of the covariate with the time trend of this specific covariate, was 
used for comparison with the two temporal trends (Section 2). We 
found that the trend of the genetic progress was, for example, 
about 100 times larger than the trend of the mean or maximum 
temperature during the GP at all study sites (0.004 t ha−1 year−1)—
as well as at sites with lower or greater yield potential. Moreover, 
the results indicate a high-temperature variability between the 
years and over the locations in this study.

This study uses the agronomic yield maxima for each experi-
mental year and site as achieved by optimal N-fertilization dosage 
(estimated from fertilizer dose–yield response functions, Section 
2) and optimal plant protection. In this way, the effect of variation 
of agronomic practices over time was minimized so that the over-
all time trend essentially reflects climatic effects (Figures 7 and 8). 
In practice, however, optimal agronomic management is often not 
realized on the farmers’ fields (Figure 4a). In practical farming, so-
cio-economic aspects have an important influence on the intensity 
of agronomic inputs, for example the fact that since the late 1990s 
subsidies from the European Union have been paid based on pro-
duction area instead on yield, or that export subsidies were reduced 
(Himanen et al., 2013; Reidsma et al., 2008) . Nevertheless, we also 
assume that the optimal amount of N fertilizer is a result of decreas-
ing prices of nitrogen, comparable to, for example, decreasing prices 
of the crops and, additionally.

The increased potential evapotranspiration during stem elonga-
tion between 1951 and 1992 is very likely a result of the SP prolonga-
tion rather than a climatic change response, as for mean temperature 
and precipitation no significant changes were detected, and mixed-
model analysis revealed no effects due to potential evapotrans-
piration. This prolongation is probably also the explanation of the 
increased number of days with negative CWB until 1997. Resulting 
water limitations, accompanied by an increased number of heat 
stress days during stem elongation (Figure S6) may have enhanced 
irreversible plant damage associated with yield losses in particular 
on shallow soils and/or in dry regions before maturity was reached 
(Farooq et al., 2011; Semenov, 2009).

Our data show that yield stagnation in German winter wheat 
occurred since the late 1990s for all sites combined, and since the 
late 1980s on soils with relatively low yield potential. Climate varia-
tion—spatial and temporal—explained most of the variability of the 
winter wheat yields (>50%), whereas genetic variation over time ex-
plained only 4%. Our results emphasize that except for heat stress 
days with more than 31°C, sites with higher yield potential were 
less prone to adverse weather effects than sites with lower yield 
potential. In general, elevated temperatures, heat stress during the 
GP and drought stress during the SP affected wheat development 
the most. Regarding the sole effect of the agroclimatic variables at 
all experimental sites combined, the mean temperature during the 
GP explained about 16% of the yield variability. Days with maximum 
temperatures above 27 or 31°C during the GP explained about 25% 
and 17% respectively. With respect to the winter wheat yield de-
velopment of the entire observation period (1958–2015), the mean 
temperature during the GP reduced yields by about 0.23  t/ha in 

total. At sites with higher yield potential, relatively large radiation 
effect during the leaf development (30%) and negative precipitation 
effects during stem elongation (5.5%) are presumed to have resulted 
in an enhanced effect of the negative CWB in particular during 
stem elongation. Hence, the response of yield productivity to past 
climatic conditions demonstrates the sensitivity of German wheat 
production to climatic variation and underlines the need of finding 
adaptation strategies for food production under expected ongoing 
climate change.

The analysis shows that German wheat production is continu-
ously adjusting to climatic changes, both with regard to the genetic 
adjustment (i.e. respective cultivar/variety selection choice) as well as 
management adjustment, especially shift of sowing times. However, In 
the light of continuous climatic changes in the future, further cropping 
system adjustments might be required to support stable winter wheat 
production in Germany. As such, it might be necessary to employ ad-
ditional measures such as irrigation, in particular at sites with light 
soils and high risk of drought induced yield losses. Furthermore, earlier 
sowing in combination with ‘early’ wheat genotypes might be suitable 
to escape drought stress.

ACKNOWLEDG EMENTS
The study was financially supported by the Germany Research 
Foundation—DFG (Grant number: Stu 127/19-3 and PI 377/20-1). 
Frank Schaarschmidt (Institute of Biostatistics, Leibniz University 
Hannover) gave support on the statistical analyses. We also 
thank Friedrich Laidig (University of Hohenheim) for his statisti-
cal advice.

CONFLIC T OF INTERE S TS
The authors declare that there are no competing interests.

AUTHOR CONTRIBUTION
All authors contributed to the content of the manuscript, discussed 
the results and commented on the manuscript. E.B. and L.B. col-
lected the data. E.B. carried out the statistical analysis and wrote the 
major part of the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
All data and sources used in this study are available at Bonares 
Datenzentrum (https://doi.org/10.20387​/bonar​es-YG6F-K61B). 
Correspondence and requests for material should be addressed to 
E.B. and H.S.

ORCID
Eric Bönecke   https://orcid.org/0000-0001-9563-8186 
Nicolas Brüggemann   https://orcid.org/0000-0003-3851-2418 
Tsu-Wei Chen   https://orcid.org/0000-0001-6698-563X 
Til Feike   https://orcid.org/0000-0002-1978-9473 
Henning Kage   https://orcid.org/0000-0002-5317-7745 
Kurt-Christian Kersebaum   https://orcid.org/0000-0002-3679-8427 
Hans-Peter Piepho   https://orcid.org/0000-0002-0163-4828 
Hartmut Stützel   https://orcid.org/0000-0002-0015-5550 

https://doi.org/10.20387/bonares-YG6F-K61B
https://orcid.org/0000-0001-9563-8186
https://orcid.org/0000-0001-9563-8186
https://orcid.org/0000-0003-3851-2418
https://orcid.org/0000-0003-3851-2418
https://orcid.org/0000-0001-6698-563X
https://orcid.org/0000-0001-6698-563X
https://orcid.org/0000-0002-1978-9473
https://orcid.org/0000-0002-1978-9473
https://orcid.org/0000-0002-5317-7745
https://orcid.org/0000-0002-5317-7745
https://orcid.org/0000-0002-3679-8427
https://orcid.org/0000-0002-3679-8427
https://orcid.org/0000-0002-0163-4828
https://orcid.org/0000-0002-0163-4828
https://orcid.org/0000-0002-0015-5550
https://orcid.org/0000-0002-0015-5550


BÖNECKE et al.3624  |    

R E FE R E N C E S
Ad-hoc-AG Boden (Ed.). (2005). Bodenkundliche Kartieranleitung – KA5. 

Stuttgart, Germany: Schweizerbart Science Publishers.
Alexander, L. V., Zhang, X., Peterson, T. C., Caesar, J., Gleason, B., 

Klein Tank, A. M. G., … Vazquez-Aguirre, J. L. (2006). Global ob-
served changes in daily climate extremes of temperature and pre-
cipitation. Journal of Geophysical Research, 111, 1403. https://doi.
org/10.1029/2005J​D006290

Asseng, S., Ewert, F., Martre, P., Rötter, R. P., Lobell, D. B., Cammarano, 
D., … Zhu, Y. (2014). Rising temperatures reduce global wheat pro-
duction. Nature Climate Change, 5, 143–147. https://doi.org/10.1038/
nclim​ate2470

Basso, B., Ritchie, J. T., Cammarano, D., & Sartori, L. (2011). A strategic and 
tactical management approach to select optimal N fertilizer rates for 
wheat in a spatially variable field. European Journal of Agronomy, 35, 
215–222. https://doi.org/10.1016/j.eja.2011.06.004

Bönecke, E., Breitsameter, L., Brüggemann, N., Feike, T., Kage, H., 
Kersebaum, K.-C., & Stützel, H. (2020). Dataset of winter wheat 
yields in Germany between 1958 and 2015 from N-fertilization 
experiments, Leibniz Centre for Agricultural Landscape Research 
(ZALF). https://doi.org/10.20387​/bonar​es-YG6F-K61B

Brisson, N., Gate, P., Gouache, D., Charmet, G., Oury, F.-X., & Huard, F. 
(2010). Why are wheat yields stagnating in Europe? A comprehensive 
data analysis for France. Field Crops Research, 119, 201–212. https://
doi.org/10.1016/j.fcr.2010.07.012

Calderini, D. F., & Slafer, G. A. (1998). Changes in yield and yield stability 
in wheat during the 20th century. Field Crops Research, 57, 335–347. 
https://doi.org/10.1016/S0378​-4290(98)00080​-X

Chen, C., Zhou, G. S., & Pang, Y. M. (2015). Impacts of climate change 
on maize and winter wheat yields in China from 1961 to 2010 based 
on provincial data. The Journal of Agricultural Science, 153, 825–836. 
https://doi.org/10.1017/S0021​85961​4001154

Delogu, G., Cattivelli, L., Pecchioni, N., de Falcis, D., Maggiore, T., & 
Stanca, A. M. (1998). Uptake and agronomic efficiency of nitrogen 
in winter barley and winter wheat. European Journal of Agronomy, 9, 
11–20. https://doi.org/10.1016/S1161​-0301(98)00019​-7

Düwel, O., Siebner, C. S., Utermann, J., & Krone, F. (2007). Bodenarten 
der Böden Deutschlands. Bericht über länderübergreifende 
Auswertungen von Punktinformationen im FISBo BGR, Hannover.

Evans, L. T. (1996). Crop evolution, adaptation and yield. Cambridge: 
Cambridge University Press.

Farooq, M., Bramley, H., Palta, J. A., & Siddique, K. H. M. (2011). Heat 
stress in wheat during reproductive and grain-filling phases. Critical 
Reviews in Plant Sciences, 30, 491–507. https://doi.org/10.1080/07352​
689.2011.615687

Frich, P., Alexander, L. V., Della-Marta, P., Gleason, B., Haylock, M., 
Klein Tank, A. M. G., & Peterson, T. (2002). Observed coherent 
changes in climatic extremes during the second half of the twenti-
eth century. Climate Research, 19, 193–212. https://doi.org/10.3354/ 
cr019193

Frick, C., Steiner, H., Mazurkiewicz, A., Riediger, U., Rauthe, M., 
Reich, T., & Gratzki, A. (2014). Central European high-resolution 
gridded daily data sets (HYRAS): Mean temperature and rela-
tive humidity. Meteorologische Zeitschrift, 23, 15–32. https://doi.
org/10.1127/0941-2948/2014/0560

Gömann, H., Bender, A., Bolte, A., Dirksmeyer, W., Englert, H., Feil, 
J.-H., … Strohm, K. (2015) Agrarrelevante Extremwetterlagen und 
Möglichkeiten von Risikomanagementsystemen. Studie im Auftrag 
des Bundesministeriums für Ernährung und Landwirtschaft (BMEL). 
Braunschweig: Johann Heinrich von Thünen-Institut, Online-
Resource (XVIII, 289 S., 10481 KB).

González, F. G., Slafer, G. A., & Miralles, D. J. (2003). Floret development 
and spike growth as affected by photoperiod during stem elongation 
in wheat. Field Crops Research, 81, 29–38. https://doi.org/10.1016/
S0378​-4290(02)00196​-X

Grassini, P., Eskridge, K. M., & Cassman, K. G. (2013). Distinguishing be-
tween yield advances and yield plateaus in historical crop production 
trends. Nature Communications, 4, 2918. https://doi.org/10.1038/
ncomm​s3918

Hafner, S. (2003). Trends in maize, rice, and wheat yields for 188 nations 
over the past 40 years: A prevalence of linear growth. Agriculture, 
Ecosystems & Environment, 97, 275–283. https://doi.org/10.1016/
S0167​-8809(03)00019​-7

Haude, W. (1954). Zur praktischen Bestimmung der aktuellen und poten-
tiellen Evaporation und Evapotranspiration. Deutscher Wetterdienst 
Offenbach (Vol. 8). Bad Kissingen, Germany: Schweinfurter Dr. und 
Verlag-Ges.

Haylock, M. R., Hofstra, N., Klein Tank, A. M. G., Klok, E. J., Jones, P. 
D., & New, M. (2008). A European daily high-resolution gridded data 
set of surface temperature and precipitation for 1950–2006. Journal 
of Geophysical Research: Atmospheres, 113, 1950–2006. https://doi.
org/10.1029/2008J​D010201

Himanen, S. J., Hakala, K., & Kahiluoto, H. (2013). Crop responses to climate 
and socioeconomic change in northern regions. Regional Environmental 
Change, 13, 17–32. https://doi.org/10.1007/s1011​3-012-0308-3

Huld, T., Müller, R., & Gambardella, A. (2012). A new solar radiation data-
base for estimating PV performance in Europe and Africa. Solar Energy, 
86, 1803–1815. https://doi.org/10.1016/j.solen​er.2012.03.006

Johnen, T., Boettcher, U., & Kage, H. (2012). A variable thermal time of 
the double ridge to flag leaf emergence phase improves the predic-
tive quality of a CERES-Wheat type phenology model. Computers 
and Electronics in Agriculture, 89, 62–69. https://doi.org/10.1016/ 
j.compag.2012.08.002

Kronenberg, L., Yu, K., Walter, A., & Hund, A. (2017). Monitoring the dy-
namics of wheat stem elongation: Genotypes differ at critical stages. 
Euphytica, 213, 69. https://doi.org/10.1007/s1068​1-017-1940-2

Laidig, F., Drobek, T., & Meyer, U. (2008). Genotypic and environmental 
variability of yield for cultivars from 30 different crops in German 
official variety trials. Plant Breeding, 127, 541–547. https://doi.
org/10.1111/j.1439-0523.2008.01564.x

Laidig, F., Piepho, H.-P., Drobek, T., & Meyer, U. (2014). Genetic and 
non-genetic long-term trends of 12 different crops in German official 
variety performance trials and on-farm yield trends. Theoretical and 
Applied Genetics, 127, 2599–2617.

Laidig, F., Piepho, H.-P., Rentel, D., Drobek, T., Meyer, U., & Huesken, A. 
(2017). Breeding progress, variation, and correlation of grain and qual-
ity traits in winter rye hybrid and population varieties and national 
on-farm progress in Germany over 26 years. Theoretical and Applied 
Genetics, 130, 981–998. https://doi.org/10.1007/s0012​2-017-2865-9

Lobell, D., & Burke, M. (Eds.). (2010a). Climate change and food secu-
rity: Adapting agriculture to a warmer world. Dordrecht: Springer 
Netherlands.

Lobell, D. B., & Burke, M. B. (2010b). On the use of statistical models 
to predict crop yield responses to climate change. Agricultural and 
Forest Meteorology, 150, 1443–1452. https://doi.org/10.1016/j.agrfo​
rmet.2010.07.008

Lobell, D. B., & Field, C. B. (2007). Global scale climate–crop yield rela-
tionships and the impacts of recent warming. Environmental Research 
Letters, 2, 14002. https://doi.org/10.1088/1748-9326/2/1/014002

Lobell, D. B., Schlenker, W., & Costa-Roberts, J. (2011) Climate trends 
and global crop production since 1980. Science (New York, N.Y.), 333, 
616–620. https://doi.org/10.1126/scien​ce.1204531

Loomis, R. S., & Amthor, J. S. (1999). Yield potential, plant assimilatory 
capacity, and metabolic efficiencies. Crop Science, 39, 1584. https://
doi.org/10.2135/crops​ci1999.3961584x

Mackay, I., Horwell, A., Garner, J., White, J., McKee, J., & Philpott, H. 
(2011). Reanalyses of the historical series of UK variety trials to quan-
tify the contributions of genetic and environmental factors to trends 
and variability in yield over time. Theoretical and Applied Genetics, 
122, 225–238. https://doi.org/10.1007/s0012​2-010-1438-y

https://doi.org/10.1029/2005JD006290
https://doi.org/10.1029/2005JD006290
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1016/j.eja.2011.06.004
https://doi.org/10.20387/bonares-YG6F-K61B
https://doi.org/10.1016/j.fcr.2010.07.012
https://doi.org/10.1016/j.fcr.2010.07.012
https://doi.org/10.1016/S0378-4290(98)00080-X
https://doi.org/10.1017/S0021859614001154
https://doi.org/10.1016/S1161-0301(98)00019-7
https://doi.org/10.1080/07352689.2011.615687
https://doi.org/10.1080/07352689.2011.615687
https://doi.org/10.3354/cr019193
https://doi.org/10.3354/cr019193
https://doi.org/10.1127/0941-2948/2014/0560
https://doi.org/10.1127/0941-2948/2014/0560
https://doi.org/10.1016/S0378-4290(02)00196-X
https://doi.org/10.1016/S0378-4290(02)00196-X
https://doi.org/10.1038/ncomms3918
https://doi.org/10.1038/ncomms3918
https://doi.org/10.1016/S0167-8809(03)00019-7
https://doi.org/10.1016/S0167-8809(03)00019-7
https://doi.org/10.1029/2008JD010201
https://doi.org/10.1029/2008JD010201
https://doi.org/10.1007/s10113-012-0308-3
https://doi.org/10.1016/j.solener.2012.03.006
https://doi.org/10.1016/j.compag.2012.08.002
https://doi.org/10.1016/j.compag.2012.08.002
https://doi.org/10.1007/s10681-017-1940-2
https://doi.org/10.1111/j.1439-0523.2008.01564.x
https://doi.org/10.1111/j.1439-0523.2008.01564.x
https://doi.org/10.1007/s00122-017-2865-9
https://doi.org/10.1016/j.agrformet.2010.07.008
https://doi.org/10.1016/j.agrformet.2010.07.008
https://doi.org/10.1088/1748-9326/2/1/014002
https://doi.org/10.1126/science.1204531
https://doi.org/10.2135/cropsci1999.3961584x
https://doi.org/10.2135/cropsci1999.3961584x
https://doi.org/10.1007/s00122-010-1438-y


BÖNECKE et al.      |  3625

Mäkinen, H., Kaseva, J., Trnka, M., Balek, J., Kersebaum, K. C., Nendel, 
C., … Kahiluoto, H. (2018). Sensitivity of European wheat to ex-
treme weather. Field Crops Research, 222, 209–217. https://doi.
org/10.1016/j.fcr.2017.11.008

Malik, A. I., Colmer, T. D., Lambers, H., Setter, T. L., & Schortemeyer, M. 
(2002). Short-term waterlogging has long-term effects on the growth 
and physiology of wheat. New Phytologist, 153, 225–236. https://doi.
org/10.1046/j.0028-646X.2001.00318.x

McMaster, G. S., & Wilhelm, W. (1997). Growing degree-days: One 
equation, two interpretations. Agricultural and Forest Meteorology, 
87(4), 291–300. https://doi.org/10.1016/S0168​-1923(97)00027​-0

Meehl, G. A., & Tebaldi, C. (2004). More intense, more frequent, and lon-
ger lasting heat waves in the 21st century. Science (New York, N.Y.), 
305, 994–997. Retrieved from https://scien​ce.scien​cemag.org/conte​
nt/sci/305/5686/994.full.pdf

Meier, U. (1997). BBCH-Monograph. Growth stages of plants–Entwicklungsstadien 
von Pflanzen-Estadios de las plantas–Développement des Plantes. Berlin and 
Wien: Blackwell Wissenschaftsverlag, 622 pp.

Menzel, A. (2003). Plant phenological anomalies in germany and their 
relation to air temperature and NAO. Climatic Change, 57, 243–263. 
https://doi.org/10.1023/A:10228​80418362

Miralles, D. J., Richards, R. A., & Slafer, G. A. (2000). Duration of the stem 
elongation period influences the number of fertile florets in wheat and 
barley. Functional Plant Biology, 27, 931–940. https://doi.org/10.1071/
PP00021

Mitchell, R. A. C., Mitchell, V. J., Driscoll, S. P., Franklin, J., & Lawlor, D. 
W. (1993). Effects of increased CO2 concentration and tempera-
ture on growth and yield of winter wheat at two levels of nitrogen 
application. Plant, Cell and Environment, 16, 521–529. https://doi.
org/10.1111/j.1365-3040.1993.tb008​99.x

Moot, D. J., Henderson, A. L., Porter, J. R., & Semenov, M. A. 
(1996). Temperature, CO2 and the growth and development of  
wheat: Changes in the mean and variability of growing conditions. 
Climatic Change, 33, 351–368. https://doi.org/10.1007/BF001​42​
583

Mueller, L., Schindler, U., Mirschel, W., Shepherd, T. G., Ball, B. C., 
Helming, K., … Wiggering, H. (2010). Assessing the productivity 
function of soils. A review. Agronomy for Sustainable Development, 
30, 601–614. https://doi.org/10.1051/agro/2009057

Muggeo, V. (2003). Estimating regression models with unknown break-
points. Statistics in Medicine, 22, 3055–3071. https://doi.org/10.1002/
sim.1545

Muggeo, V. (2008). Segmented: An R package to fit regression models 
with broken-line relationships. R News, 8, 20–25.

Nearing, M. A., Jetten, V., Baffaut, C., Cerdan, O., Couturier, A., 
Hernandez, M., … van Oost, K. (2005). Modeling response of soil 
erosion and runoff to changes in precipitation and cover. Catena, 61, 
131–154. https://doi.org/10.1016/j.catena.2005.03.007

Olesen, J. E., Børgesen, C. D., Elsgaard, L., Palosuo, T., Rötter, R. P., 
Skjelvåg, A. O., … van der Fels-Klerx, H. J. (2012). Changes in time 
of sowing, flowering and maturity of cereals in Europe under climate 
change. Food Additives & Contaminants. Part A, Chemistry, Analysis, 
Control, Exposure & Risk Assessment, 29, 1527–1542. https://doi.
org/10.1080/19440​049.2012.712060

Piepho, H.-P. (2019). A coefficient of determination (R2) for generalized 
linear-mixed models. Biometrical Journal, 61, 860–872. https://doi.
org/10.1002/bimj.20180​0270

Piepho, H.-P., Laidig, F., Drobek, T., & Meyer, U. (2014). Dissecting ge-
netic and non-genetic sources of long-term yield trend in German of-
ficial variety trials. Theoretical and Applied Genetics, 127, 1009–1018. 
https://doi.org/10.1007/s0012​2-014-2275-1

Piepho, H. P., & Ogutu, J. O. (2003). Inference for the break point 
in segmented regression with application to longitudinal data. 
Biometrical Journal, 45, 591–601. https://doi.org/10.1002/bimj. 
20039​0035

Porter, J. R., & Gawith, M. (1999). Temperatures and the growth and 
development of wheat: A review. European Journal of Agronomy, 10, 
23–36. https://doi.org/10.1016/S1161​-0301(98)00047​-1

Porter, J. R., & Semenov, M. A. (2005). Crop responses to climatic vari-
ation. Philosophical Transactions of the Royal Society B: Biological 
Sciences, 360, 2021–2035. https://doi.org/10.1098/rstb.2005.1752

R Development Core Team. (2008). R: A language and environment for statis-
tical computing. Vienna, Austria: R Foundation for Statistical Computing.

Raun, W. R., Solie, J. B., Johnson, G. V., Stone, M. L., Mullen, R. W., 
Freeman, K. W., … Lukina, E. V. (2002). Improving nitrogen use ef-
ficiency in cereal grain production with optical sensing and variable 
rate application. Agronomy Journal, 94, 815. https://doi.org/10.2134/
agron​j2002.0815

Rauthe, M., Steiner, H., Riediger, U., Mazurkiewicz, A., & Gratzki, A. 
(2013). A Central European precipitation climatology – Part I. 
Generation and validation of a high-resolution gridded daily data 
set (HYRAS). Meteorologische Zeitschrift, 22, 235–256. https://doi.
org/10.1127/0941-2948/2013/0436

Reidsma, P., Oude Lansink, A., & Ewert, F. (2008). Economic impacts of 
climatic variability and subsidies on European agriculture and ob-
served adaptation strategies. Mitigation and Adaptation Strategies for 
Global Change, 14, 35. https://doi.org/10.1007/s1102​7-008-9149-2

Reyer, C. P. O., Leuzinger, S., Rammig, A., Wolf, A., Bartholomeus, R. P., 
Bonfante, A., … Pereira, M. (2013). A plant's perspective of extremes: 
Terrestrial plant responses to changing climatic variability. Global 
Change Biology, 19, 75–89. https://doi.org/10.1111/gcb.12023

Schabenberger, O., & Pierce, F. J. (2001). Contemporary statistical models 
for the plant and soil sciences. Boca Raton, FL: CRC-Press.

Schlenker, W. (2010). Crop responses to climate and weather: Cross-
section and panel models. In D. Lobell & M. Burke (Eds.), Climate 
change and food security: Adapting agriculture to a warmer world (pp. 
99–108). Dordrecht: Springer Netherlands.

Semenov, M. A. (2009). Impacts of climate change on wheat in England 
and Wales. Journal of the Royal Society Interface, 6, 343–350. https://
doi.org/10.1098/rsif.2008.0285

Siebert, S., & Ewert, F. (2012). Spatio-temporal patterns of phenologi-
cal development in Germany in relation to temperature and day 
length. Agricultural and Forest Meteorology, 152, 44–57. https://doi.
org/10.1016/j.agrfo​rmet.2011.08.007

Slafer, G. A., & Rawson, H. M. (1994). Does temperature affect final num-
bers of primordia in wheat? Field Crops Research, 39, 111–117. https://
doi.org/10.1016/0378-4290(94)90013​-2

Tashiro, T., & Wardlaw, I. F. A. N. (1989). A comparison of the effect of 
high temperature on grain development in wheat and rice. Annals 
of Botany, 64, 59–65. https://doi.org/10.1093/oxfor​djour​nals.aob.
a087808

Trnka, M., Feng, S., Semenov, M. A., Olesen, J. E., Kersebaum, K. C., Rötter, 
R. P., … Büntgen, U. (2019). Mitigation efforts will not fully alleviate the 
increase in water scarcity occurrence probability in wheat-producing 
areas. Science Advances, 5, eaau2406. Retrieved from https://advan​ces.
scien​cemag.org/conte​nt/advan​ces/5/9/eaau2​406.full.pdf

Trnka, M., Rötter, R. P., Ruiz-Ramos, M., Kersebaum, K. C., Olesen, J. E., 
Žalud, Z., & Semenov, M. A. (2014). Adverse weather conditions for 
European wheat production will become more frequent with climate 
change. Nature Climate Change, 4, 637–643. https://doi.org/10.1038/
nclim​ate2242

van Ittersum, M. K., Cassman, K. G., Grassini, P., Wolf, J., Tittonell, P., 
& Hochman, Z. (2013). Yield gap analysis with local to global rel-
evance—A review. Field Crops Research, 143, 4–17. https://doi.
org/10.1016/j.fcr.2012.09.009

Wheeler, T. R., Hong, T. D., Ellis, R. H., Batts, G. R., Morison, J. I. L., & 
Hadley, P. (1996). The duration and rate of grain growth, and har-
vest index, of wheat (Triticum aestivum L.) in response to tempera-
ture and CO2. Journal of Experimental Botany, 47, 623–630. https://
doi.org/10.1093/jxb/47.5.623

https://doi.org/10.1016/j.fcr.2017.11.008
https://doi.org/10.1016/j.fcr.2017.11.008
https://doi.org/10.1046/j.0028-646X.2001.00318.x
https://doi.org/10.1046/j.0028-646X.2001.00318.x
https://doi.org/10.1016/S0168-1923(97)00027-0
https://science.sciencemag.org/content/sci/305/5686/994.full.pdf
https://science.sciencemag.org/content/sci/305/5686/994.full.pdf
https://doi.org/10.1023/A:1022880418362
https://doi.org/10.1071/PP00021
https://doi.org/10.1071/PP00021
https://doi.org/10.1111/j.1365-3040.1993.tb00899.x
https://doi.org/10.1111/j.1365-3040.1993.tb00899.x
https://doi.org/10.1007/BF00142583
https://doi.org/10.1007/BF00142583
https://doi.org/10.1051/agro/2009057
https://doi.org/10.1002/sim.1545
https://doi.org/10.1002/sim.1545
https://doi.org/10.1016/j.catena.2005.03.007
https://doi.org/10.1080/19440049.2012.712060
https://doi.org/10.1080/19440049.2012.712060
https://doi.org/10.1002/bimj.201800270
https://doi.org/10.1002/bimj.201800270
https://doi.org/10.1007/s00122-014-2275-1
https://doi.org/10.1002/bimj.200390035
https://doi.org/10.1002/bimj.200390035
https://doi.org/10.1016/S1161-0301(98)00047-1
https://doi.org/10.1098/rstb.2005.1752
https://doi.org/10.2134/agronj2002.0815
https://doi.org/10.2134/agronj2002.0815
https://doi.org/10.1127/0941-2948/2013/0436
https://doi.org/10.1127/0941-2948/2013/0436
https://doi.org/10.1007/s11027-008-9149-2
https://doi.org/10.1111/gcb.12023
https://doi.org/10.1098/rsif.2008.0285
https://doi.org/10.1098/rsif.2008.0285
https://doi.org/10.1016/j.agrformet.2011.08.007
https://doi.org/10.1016/j.agrformet.2011.08.007
https://doi.org/10.1016/0378-4290(94)90013-2
https://doi.org/10.1016/0378-4290(94)90013-2
https://doi.org/10.1093/oxfordjournals.aob.a087808
https://doi.org/10.1093/oxfordjournals.aob.a087808
https://advances.sciencemag.org/content/advances/5/9/eaau2406.full.pdf
https://advances.sciencemag.org/content/advances/5/9/eaau2406.full.pdf
https://doi.org/10.1038/nclimate2242
https://doi.org/10.1038/nclimate2242
https://doi.org/10.1016/j.fcr.2012.09.009
https://doi.org/10.1016/j.fcr.2012.09.009
https://doi.org/10.1093/jxb/47.5.623
https://doi.org/10.1093/jxb/47.5.623


BÖNECKE et al.3626  |    

Whitfield, D. M., & Smith, C. J. (1992). Nitrogen uptake, water use, grain 
yield and protein content in wheat. Field Crops Research, 29, 1–14. 
https://doi.org/10.1016/0378-4290(92)90071​-G

Wiesmeier, M., Hübner, R., & Kögel-Knabner, I. (2015). Stagnating crop 
yields: An overlooked risk for the carbon balance of agricultural soils? 
The Science of the Total Environment, 536, 1045–1051. https://doi.
org/10.1016/j.scito​tenv.2015.07.064

Wollenweber, B., Porter, J. R., & Schellberg, J. (2003). Lack of interaction 
between extreme high-temperature events at vegetative and repro-
ductive growth stages in wheat. Journal of Agronomy and Crop Science, 
189, 142–150. https://doi.org/10.1046/j.1439-037X.2003.00025.x

Zadoks, J. C., Chang, T. T., & Konzak, C. F. (1974). A decimal code for the 
growth stages of cereals. Weed Research, 14, 415–421. https://doi.
org/10.1111/j.1365-3180.1974.tb010​84.x

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Bönecke E, Breitsameter L, 
Brüggemann N, et al. Decoupling of impact factors reveals the 
response of German winter wheat yields to climatic changes. 
Glob Change Biol. 2020;26:3601–3626. https://doi.
org/10.1111/gcb.15073

https://doi.org/10.1016/0378-4290(92)90071-G
https://doi.org/10.1016/j.scitotenv.2015.07.064
https://doi.org/10.1016/j.scitotenv.2015.07.064
https://doi.org/10.1046/j.1439-037X.2003.00025.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/gcb.15073
https://doi.org/10.1111/gcb.15073

