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Abstract: Most of the available research studies have focused on the production of high grain yields
of wheat and have neglected yield stability. However, yield stability is a relevant factor in agronomic
practice and, therefore, is the focus of this comprehensive survey. The aim was to first describe the
importance of yield stability as well as currently used practical management strategies that ensure
yield stability in wheat production and secondly, to obtain potential research areas supporting yield
stability in the complex system of agronomy. The target groups were German farmers with experience
in wheat production and advisors with expertise in the field of wheat cultivation or research. A sample
size of 615 completed questionnaires formed the data basis of this study. The study itself provides
evidence that the yield stability of winter wheat is even more important than the amount of yield for a
large proportion of farmers (48%) and advisors (47%). Furthermore, in the view of the majority of the
surveyed farmers and advisors, yield stability is gaining importance in climate change. Data analysis
showed that site adapted cultivar choice, favorable crop rotations and integrated plant protection
are ranked as three of the most important agronomic management practices to achieve high yield
stability of wheat. Soil tillage and fertilization occupied a middle position, whereas sowing date
and sowing density were estimated with lower importance. However, yield stability is affected by
many environmental, genetic and agronomic factors, which subsequently makes it a complex matter.
Hence, yield stability in farming practice must be analyzed and improved in a systems approach.

Keywords: advisor; agronomy; agronomic practice; climate change; cultivar choice; environment;
farmer; plant production

1. Introduction

In Germany, winter wheat is the main cereal crop grown on 3.2 million hectares (54% of the cereal
production area), which is nearly one third of the arable land [1]. With an average yield of 7.7 tha=! in
2016, the total grain production of wheat was 24.6 million tons [2]. Due to the enormous economic
significance and high crop share of wheat on farms, achieving high grain yields in German wheat
production is very important. With a particular regard to climate change, the focus may shift from
only targeting high grain yields to also focusing on yield stability. The driving forces for this change
are due to environmentally-forced growing conditions, such as the incidence of early summer drought,
late frost or torrential rainfall [3]. These future climatic changes and increasing climatic variability are
already scientifically proven within specific scenarios for German field conditions [4,5]. Outside of
Germany, an increasing demand of yield stable wheat cultivars that are adapted to climate change
has been observed [6-8]. However, recent German studies suggest a special and enhanced interest
from farmers in improving yield stability of wheat cultivars [9-11]. Apart from cultivar selection, there
are currently no empirical studies focusing on yield stability in a systems approach taking different
agronomic management factors into account.

Agronomy 2017, 7, 45; doi:10.3390/agronomy7030045 www.mdpi.com/journal/agronomy


http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
http://dx.doi.org/10.3390/agronomy7030045
http://www.mdpi.com/journal/agronomy

Agronomy 2017, 7, 45 2 0of 18

Agronomic treatments can affect the yield stability of winter wheat significantly. For example,
nitrogen fertilization based on plant needs and applied in both mineral or organic form can be assumed
as one main treatment in improving yield stability [12-14]. Furthermore, crop rotations with a higher
share of cereals show a negative impact on yield stability of winter wheat, especially for wheat
monocultures. In contrast, diverse crop rotations with favorable preceding crops (e.g., legumes) affect
the yield stability of the main crop winter wheat positively [15-19]. Beyond that, cultivar choice is an
effective tool in farming practice, which is used to support yield stable wheat production [3,12,20].
In particular, a higher yield and enhanced yield stability have been found for hybrid cultivars in
comparison to inbred lines of wheat [9].

Nevertheless, breeding and analyzing the yield stability of wheat cultivars is a difficult and
complex task [7]. There are two approaches for measuring yield stability: static and dynamic [21].
According to the static approach, the yield amount should not vary across environments or agronomic
treatments for high yield stability. This method may be helpful for evaluating genetically fixed
characteristics of cultivars, such as special resistances, but it does not fit well in agronomic practice as
wheat plants have the potential to make use of favorable growing conditions and can translate them
into enhanced yield or better quality. This issue is considered in the dynamic approach where, for
example, a high stability is assumed only at the cultivar level if the marginal yield deviation from
the general response of cultivars to agronomic treatments or environmental conditions is shown by a
cultivar [22].

Despite yield stability of winter wheat being a relevant issue in agronomic practice, most of the
available research studies are only focusing on targeting high grain yields of wheat and neglecting
yield stability. Thus, information on the yield stability in German wheat cultivation is currently
limited and fragmented. Furthermore, only experimental results (e.g., from field trials) are commonly
used in agronomic research, with survey approaches scarcely applied. Against this background, this
comprehensive survey was to take a step towards closing this gap. The aim was to first describe the
importance of yield stability as well as currently used practical management strategies that ensure
yield stability in wheat production and secondly, to derive potential research areas supporting yield
stability in the complex system of agronomy. Based on the views of farmers with experience in practical
wheat production and advisors with expertise in the field of wheat cultivation or research, the major
objective of this study was to answer the following questions:

(1) How important is the yield stability compared to yield amount of winter wheat?
(2) Which agronomic management practices are estimated to improve yield stability of winter wheat?
(3) What kind of cultivars or variety types of winter wheat provide higher yield stability?

2. Results

2.1. Importance of Yield Stability in Wheat Production

The first question considered what farmers and advisors understood as the idea of yield stability.
To narrow this definition, the respondents were asked to decide between the static and dynamic
concept of stability (Table 1). A detailed explanation of the two stability concepts was provided next
to the question. The majority of farmers (58%) and advisors (72%) approved the dynamic concept
of stability. In comparison, selections of static concept were low and around 10-11% abstained from
answering this question. Furthermore, farmers were asked how important yield stability is in their
wheat production and advisors were asked how important yield stability is for the farmers they advise
(Table 2). A majority of farmers stated that yield stability was very important (57%). Advisors showed
similar perceptions. None of the respondents stated a low importance of yield stability (0%), whereas
only a small part abstained. In this context, the respondents assessed the importance of yield stability
in comparison to the yield amount of winter wheat (Table 3). Nearly half of the farmers and advisors
considered that the yield stability was more important than amount of yield. Only a small part negated
this. Additionally, 41% of respondents estimated an equal importance of yield stability and yield
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amount. Interestingly, there was a significant correlation (R = 0.71; p < 0.05) between the frequency of
spring/early summer drought stated by farmers and their high demand of yield stable wheat cultivars.
A second significant correlation (R = 0.65; p < 0.05) was calculated for the association between soil
quality and farmers’ evaluations of the importance of yield stability. A lower soil quality on their own
farmland resulted in farmers assigning a higher importance to yield stability in their wheat production.

Table 1. Farmers’ and advisors’ approvals for either the static or dynamic concept of yield stability.

Response Option Farmers ! (%) Advisors 2 (%)
Static concept 31 18
Dynamic concept 58 72
Not specified 11 10

1 =474;2n=141.

Table 2. Farmers” and advisors’ evaluations of the importance of yield stability in wheat production.

Response Option ~ Farmers! (%)  Advisors 2 (%)
Very high 57 60
High 32 32
Intermediate 9 0
Low 0 0
Not specified 2 8

10 =474;2 n=141.

Table 3. Farmers’ and advisors” estimations of whether yield stability was more important than yield
amount of winter wheat.

Response Option ~ Farmers! (%)  Advisors 2 (%)
Higher importance 48 47
Equal importance 41 42
Lower importance 6 1
Not specified 5 10

1y =474,2n=141.

2.2. Effect of Agronomic Management Practices on Stability of Wheat Yields

Agronomic management practices can have a positive impact on the yield stability of winter
wheat. The interviewed farmers and advisors evaluated nine different management practices based on
a four-point Likert rating scale (very high, high, intermediate and low). In this study, farmers assessed
cultivar choice, crop rotation and plant protection as the three most important management practices
that affected yield stability (Table 4). Mineral fertilization and soil cultivation were assigned as having
moderate effects. In comparison, sowing date, organic fertilization and sowing density were assigned
as having only minor effects by the farmers. Irrigation seemed to be a special issue where 34% of
farmers abstained. This topic might be not relevant nationwide, but for a few farmers, it was of high
(8%) or very high importance (9%). Additionally, farmers added comments about their own experience
and evaluated partly methods actually practiced on their farm. Farmers (n = 92) commented in the free
text fields that plant breeding was assumed by them to be the most promising approach for improving
yield stability of winter wheat. Several farmers (n = 49) underlined in the free text field the relevance
of sufficient and well-balanced macro- and micro-nutrient supply (N, P, K, S, Mn, Cu, Bor and Zn)
for yield stable wheat production. Additionally, comments from farmers (n = 23) about sowing date
were made where the positive effects on yield stability could only be assumed if the sowing date was
adapted to site conditions and wheat cultivar.
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Table 4. Farmer evaluation of the positive impact of different agronomic management practices on
yield stability of winter wheat (n = 474).

Response Option Very High (%) High (%) Intermediate (%)  Low (%) Not Specified (%)

Cultivar choice 52 35 2 0 11
Crop rotation 49 36 4 0 11
Plant protection 46 36 5 0 12
Mineral fertilization 37 41 9 1 12
Soil cultivation 36 41 11 0 12
Sowing date 22 42 23 1 12
Organic fertilization 19 33 26 8 14
Sowing density 17 42 28 3 10
Irrigation 9 8 22 27 34

Advisors ranked the management practices in a similar way, with only slight differences in the
hierarchy (Table 5). Similar to farmers, advisors evaluated cultivar choice, crop rotation and plant
protection as the three most important management practices affecting the yield stability of wheat,
while soil cultivation, mineral fertilization and sowing date were also ranked as having moderate
effects. This was closely followed by sowing density, organic fertilization and irrigation in subordinated
ranks. For irrigation, many abstentions (70%) were noted. The only difference between farmers and
advisors was that advisors (70%) evaluated very high impact positive of cultivar choice more frequently
than farmers (52%). Furthermore, in the free text fields, advisors (1 = 72) underlined an application
of the integrated plant protection approach based on the control threshold principle and finding the
right application date. They also mentioned the relevance of monitoring systems, biological plant
protection methods and preventive measures (e.g., favorable crop rotations). Additionally, several
advisors (1 = 63) highlighted in the free text fields the importance of straw manure for soil fertility and
increasing humus content in the soil, especially with regards to climate change adaptation.

Table 5. Advisor evaluation of the positive impact of different agronomic management practices on
yield stability of winter wheat (n = 141).

Response Option Very High (%)  High (%) Intermediate (%) Low (%) Not Specified (%)

Cultivar choice 70 21 1 0 8
Crop rotation 55 30 6 1 8
Plant protection 44 43 4 0 9
Soil cultivation 38 48 6 1 7
Mineral fertilization 33 45 13 1 8
Sowing date 26 44 21 1 8
Sowing density 21 35 36 1 7
Organic fertilization 21 34 33 4 8
Irrigation 4 12 8 6 70

Furthermore, farmers and advisors were asked if they assumed any effects of different soil
cultivation systems on yield stability in wheat production (Table 6). Nearly half of the farmers
were of the view that ploughing (conventional system) and soil conservation systems with deep
soil cultivation could improve yield stability. They commented in free text fields that ploughing
would have advantages in terms of preventing plant health and reducing weed pressure. In contrast,
extensive systems, such as shallow conservative cultivation (33%) or no-till farming (55%), seemed
to have negative effects that could lead to more unstable wheat yields. Around one third of farmers
took a neutral position and stated that there was no effect of ploughing (conventional) or conservative
soil cultivation systems on the yield stability of wheat. Overall, a higher number of farmers (16-22%)
abstained from this question.
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Table 6. Farmer evaluation to the effects of different soil cultivation systems on yield stability of winter
wheat (n = 474).

Positive Neutral Negative Not Specified

Response Option (%) (%) %) (%)

Ploughing (conventional system) 50 29 5 16

Soil conservation system (intensive, deep) 45 32 7 16
Soil conservation system (extensive, shallow) 14 35 33 18
No-till system 5 18 55 22

Furthermore, there was a strong relation between farmers’ evaluations to the positive effects
of different soil cultivation systems on yield stability of winter wheat and the used soil cultivation
system on their own farm (Table 7), especially for farmers practicing ploughing (conventional system)
or no-till systems. Furthermore, one quarter of farmers working with soil conservation systems also
stated that no-till systems have positive effects on yield stability of winter wheat. In addition, 17% of
famers practicing ploughing estimated a positive effect of soil conservation system (intensive) on yield
stability. The low number of respondents in the column of no-till systems (1 = 24) has to be noted.

Table 7. Cross table for the participant group ‘farmers’ with actual use of soil cultivation system in
practice and evaluation to the positive effects of different soil cultivation systems on yield stability of

winter wheat.

Estimation of Positive Effects on Yield Stability of Winter Wheat

Actual Use of Soil Cultivation

Svstem in Practi Ploughing Soil Conservation  Soil Conservation No-Till
ystem In tractice (Conventional)  System (Intensive) System (Extensive)  System
(%) 1 (%) 2 (%) 3 (%) 4
Ploughing (conventional system) (n = 224) 95 17 6 0
Soil conservation system (1 = 229) 5 82 91 25
No-till system (1 = 21) 0 1 3 75

19n=2372n=213;3n=66;*n =24.

Adpvisors evaluated the effects of different soil cultivation systems with nearly the same tendencies
as farmers (Table 8). Ploughing (conventional system) was ranked first as the best variant for stable
wheat yields. The soil conservation system with intensive and deep soil cultivation was ranked second
with positive (32%) or rather neutral effects (51%) on yield stability. On the other hand, advisors
indicated adverse effects for extensive variants of soil conservation systems (shallow, extensive), which
was especially high for no-till farming. However, around 30% of advisors also stated neutral effects on
yield stability for these two reduced soil cultivation systems.

Table 8. Advisor evaluation to the effects of different soil cultivation systems on yield stability of
winter wheat (n = 141).

Positive Neutral Negative  Not Specified

Response Option (%) (%) (%) (%)

Ploughing (conventional system) 59 18 2 21

Soil conservation system (intensive, deep) 32 51 4 13
Soil conservation system (extensive, shallow) 13 31 43 13
No-till system 13 28 50 9

2.3. Comparison of Cultivar Types

Cultivar choice is a very important tool in cereal production and can have positive effects on the
yield stability of winter wheat. In practice, farmers can choose between two types: hybrid or line
cultivars. In this study (Table 9), 10% of the farmers interviewed attributed use of hybrid cultivars to a
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higher yield stability; 24% of farmers declared a similar yield stability for both types; and 12% stated a
lower yield stability for hybrids in comparison to line cultivars. Comparatively, the estimations of the
advisors were relatively equal: 9% of advisors assumed higher yield stability for hybrids; 3% voted
against it; and 13% estimated similar yield stability for hybrid and line cultivars. Overall, more than
half of the respondents (54% farmers, 75% advisors) abstained from this question. Interestingly, there
were significant correlations of soil quality (R = 0.67, p < 0.05) and high frequency of early summer
drought (R = 0.51, p < 0.05) stated by farmers with farmers’ evaluations regarding yield stability of
hybrids versus lines. Thus, a higher frequency of drought stress or better soil quality of sites on which
farmers are cultivating wheat resulted in farmers more frequently stating a similar or even higher
yield stability of hybrids compared to line cultivars. In that context, some farmers commented in the
free text fields that cultivating hybrid wheat cultivars in poor soil appeared to not be appropriate,
because hybrids would only develop their full yield potential on soils with good quality (German
Ackerzahl above 60 points). Thus, in their experience, advantages in grain yield and better yield
stability of hybrids compared to lines could not be seen in low-yielding sites. Furthermore, several
farmers and advisors stated that in their opinion, hybrids seem to have a higher drought tolerance due
to better vitality, greater rooting system and water uptake efficiency, when compared to line cultivars
of winter wheat.

Table 9. Farmers” and advisors’ evaluations regarding yield stability of hybrids compared to line
cultivars of winter wheat.

Response Option ~ Farmers! (%)  Advisors 2 (%)
Higher 10 9
Similar 24 13
Lower 12 3

Not specified 54 75

10 =474,2 n=141.

Breeding of wheat cultivars for adapting to current and future environmental conditions is
progressing further. However, whether newly developed and registered cultivars offered higher yield
stability in comparison to previously bred and registered cultivars was answered by farmers and
advisors as shown in Table 10. Nearly half of the farmers and advisors estimated that new cultivars
had a higher yield stability in practice farming, although 15% of farmers and 23% of advisors argued
against it. An equal stability level for new and older cultivars was stated by almost 30% of respondents.
A relatively small number of respondents abstained (11% or 9%).

Table 10. Farmers’ and advisors’ estimations if newly registered wheat cultivars have higher yield
stability in comparison to prior registered cultivars.

Response Option ~ Farmers! (%)  Advisors 2 (%)
Yes 45 40
No 15 23
Equal 29 28
Not specified 11 9

1 =474,2 n=141.

With climate change, the yield stability of wheat cultivars has become more important in farming
practice. This view was taken by 67% of farmers and 50% of advisors who were interviewed in
this study (Table 11), with only a small percentage (4-6%) of respondents denying it. A further
16% of farmers and 36% of advisors were undecided on this issue. In comparison to farmers,
the respondent group of advisors had a smaller number of proponents and a higher number of
waverers. The percentage of abstention was 13% for farmers and 8% for advisors. Additionally, there
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was a significant positive correlation (R = 0.61; p < 0.05) of the occurrence of drought stress during
spring/early summer stated by farmers with farmers’ perceptions that yield stability of wheat cultivars
will become more important with climate change.

Table 11. Farmers’ and advisors’ perceptions if yield stability of wheat cultivars will become more
important with climate change.

Response Option Farmers ! (%) Advisors 2 (%)
Yes 67 50
No 4 6
Perhaps 16 36
Not specified 13 8

1 =474;2 n=141.

Overall, for advisors and farmers, no correlations between acreage of winter wheat, experience in
wheat production (years) or region and their responses to the asked questions in this study could be
determined. Furthermore, no associations between various responses of farmers/advisors between
different set of questions were found, except a positive correlation of farmers’ (R = 63; p < 0.05) and
advisors’ (R = 0.59; p < 0.05) evaluations of importance of yield stability with their perceptions of
whether yield stability of wheat cultivars will gain in importance with climate change.

3. Discussion

Although this study is not based on experimental data, the appraisals of farmers and advisors
(experts) are offering very precious and compact information based on their long-term experience in
wheat production. In particular, as there are only few experimental studies about yield stability carried
out so far, the outcome of this study can be seen as a comprehensive and reliable empirical estimation
about the positive impact of different agronomic management practices on yield stability of winter
wheat. Knowing well that the studies’ approach is quite unique and relatively unconventional in the
area of agronomy, the presented results might serve as a basis for scientific discussions and help to
derive further research needs.

The majority of farmers and advisors surveyed estimated the yield stability of winter wheat as
very important. More than half of the respondents stated that yield stability was more important
than yield amount. Certainly, if yield stability is great and yield amount is low, this is inadequate and
not meant by farmers. Instead, farmers stated a demand for favorable combinations of high yield
stability and high yield amount and with this combination, the respondents put greater weighting
on yield stability. These findings are in line with recent studies carried out previously [3]. Thus,
risk management, such as a high yield stability of winter wheat, is of high importance. A possible
explanation could be the relevance of yield stability for wheat production, especially with regards to
the negative consequences of climate change, including more frequent early summer droughts, heavy
rainfall events and late frosts caused by climate change [23,24]. Furthermore, climate change will also
cause increased biotic stress pressure due to changes in the appearance of pests and diseases, which
will also affect the yield variability of wheat negatively [25]. Against this background, the respondents
in this study commented in the free text field that plant health, disease resistance, water use efficiency,
drought tolerance and heat tolerance were the relevant properties with regards to yield stable wheat
production under changing climatic conditions. One further explanation for the high importance
of yield stability may be that farmers have to rely on good and stable yield performance in wheat
production, especially with regard to increasing economic pressure, market fluctuations and wheat
price volatility. Increasing market volatility will lead to insecurity and financial risks for farmers [26].

In this study, cultivar choice, crop rotation and plant protection were ranked as the three most
important agronomic management tools for improving yield stability of winter wheat, followed
by mineral fertilization and soil tillage. These estimations are consistent with recent findings of
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Rial-Lovera et al. [20] and Eitzinger et al. [27]. Additionally, the work of Rozbicki et al. [28] and Bilgin
et al. [29] described that the yield stability of winter wheat was subject to complex interaction between
the cultivar and other environmental factors, such as nitrogen supply, rainfall, temperature and soil
fertility. Based on the European study of Olesen et al. [30], farmers are currently adapting to climate
change by changing the timing of cultivation in addition to selecting other crop species and cultivars.
Furthermore, farmers showed a high proportion of negative expectations (drought, heat stress, risk
from plant pathogens/pests, higher weed occurrence, new weed species) concerning the impact of
climate change on wheat and wheat production throughout Europe [30].

3.1. Cultivar Choice and Plant Breeding

Site adapted cultivar choice can be assumed as the basis for high and stable wheat yields. In this
study, the respondents rated cultivar choice as the most important agronomic management decision
in wheat production. Additionally, several respondents argued that plant breeding was assumed as
the most promising approach to improve yield stability of winter wheat. The high importance of
cultivar choice and plant breeding was congruent with findings from related studies [3,8,20]. Plant
breeding has led to an increased yield potential for wheat through increasing the harvest index,
radiation interception and its use efficiency in the plants in addition to interactions between nitrogen,
phosphorous and carbon dynamics [31]. Laidig et al. [32] stated that most of the positive yield progress
of winter wheat over the last 30 years in Germany was generated mainly by genetic improvements,
with the contribution of other agronomic factors having been of lower importance. Based on the
re-analysis of official variety trials of the United Kingdom over the period 1948-2007 for winter wheat,
at least 88% of the improvement in grain yield can be attributed to genetic improvement, with only 12%
ascribed to changes in agronomy [33]. For the period 1983-2014, a large gain in grain yield of winter
wheat in official variety trials (24%) and on farms (32%) was achieved in Germany [34]. Additionally,
a slight increase in better yield stability of newer wheat cultivars has been found retrospectively based
on the analysis of German official variety trials from 1983-2014 [34]. This effect was also mentioned by
nearly half of the respondents in this study (Table 10). However, this issue was not clear in agronomic
practice as one third of farmers and advisors surveyed did not notice a better yield stability of newer
wheat cultivars. Thus, further breeding focused on the environmental stability of wheat cultivars,
an exploration into the sources of grain yield variations in addition to qualitative and quantitative
trend evaluation of yield stability for winter wheat still require further study. Oritz et al. [35] suggested
breeding programs to improve both the above-mentioned factors simultaneously using a combined
index based on stability parameters and grain yield. Thus, the out-yielders that exhibited a low
coefficient of phenotypic variation should be selected within a broad-based wheat breeding pool.

Cultivar choice also implies the selection of a special variety type whether they are from hybrids
or inbred lines. At present, 97% of wheat cultivars registered in Germany are line varieties and are
grown predominantly in German wheat production, with only 3% being hybrids [36]. Due to the
heterosis effect, wheat hybrids can offer higher yield potential, better stress tolerance (especially
drought tolerance), increased root capacity and better health compared to inbred lines [37]. The studies
of Miihleisen et al. [9] and Longing et al. [38] verified that wheat hybrids were more yield stable
than inbred lines on average. This result seems promising and beneficial for agronomic practice,
especially with increasing abiotic stresses due to climate change. The scientific results are in line with
personal statements made by several farmers and advisors surveyed. In their practical experience,
hybrids seem to have a higher drought tolerance due to better vitality, greater rooting system and
water uptake efficiency, when compared to line cultivars of winter wheat. However, as already
mentioned, hybrids are not very common in German agronomic practice. This was also seen in the
high number of abstentions (both farmers and advisors) within this study (Table 9) where there was
no widespread, comprehensive and long-term experience with hybrids. Thus, a valid assessment of
the better yield stability of wheat hybrids when compared to inbred lines was only possible for a small
part of the respondents (10% of farmers and 9% of advisors). Interestingly, farmers surveyed stated
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that advantages in grain yield and yield stability of hybrids compared to lines were mainly seen on
high-yielding sites with better soil quality. Therefore, specific multi-environmental studies about the
yield stability of hybrid wheat cultivars depending on soil quality would be necessary. In the future,
perhaps more wheat hybrids will be with their advantages possibly becoming stronger and approved
in farming practice with further breeding progress, which may lead to an increased wheat cultivation
area with hybrids.

With regard to climate change, the selection of wheat cultivars with a high adaption potential to
environmental stresses by farmers was expected to gain in importance [30]. This study came to a similar
conclusion as the surveyed farmers and advisors stated that yield stability of wheat cultivars will come
to the forefront as a result of climate change. In this context, respondents frequently mentioned the
properties of efficient water use, drought tolerance, heat tolerance and plant health/disease resistance.
This clearly shows that the yield stability of wheat cultivars is a complex issue and remains a great
challenge for implementation in plant breeding. Apart from the yield and quality of wheat, the ability
to adjust to changing environmental conditions, ability to compete against weeds as well as pest and
disease resistance will increase in importance [39]. The climatic factors that the winter wheat cultivars
have the greatest sensitivities to are the summer rainfall and winter temperature [33]. Thus, drought
tolerance in the case of early summer drought, resistance to lodging in heavy rainfall events and
winter hardiness are very important properties that should be considered in cultivar choice in terms of
climate change. This study showed a strong and significant correlation of the occurrence of drought
stress during spring and early summer stated by farmers with their high demand of yield stable wheat
cultivars. Advisors from a regional research center of agriculture with special experience in drought
impact on sandy sites recommended principally the wheat cultivars with a lower tendency to tillering
because wheat plants with a high number of tillers often led to significant yield losses under drought
stress. Yield advantages under the impact of drought in spring and early summer can be expected
by cultivars with a better vitality and an intensified growth, especially root growth, in autumn. Thus,
these plants are providing a better rooting system, which allows them to be able to reach available soil
water in deeper soil layers during drought stress in spring and early summer. Some farmers surveyed
mentioned (in free text fields) a good experience in an early summer drought with wheat cultivars
that tend to have a rapid yield development and subsequent earlier grain maturity. These farmers also
stated that on dry sites, later maturing cultivars are not able to use the longer vegetation period for
implementing higher yields. Furthermore, several farmers and advisors commented on the advantages
of cultivars with long-stalk straw regarding higher yield stability due to a positive correlation between
stalk and root length. Unfortunately, there are no scientific studies about the correlation between these
cultivar characteristics and long-term yield stability of winter wheat. Possibly, further investigations
are needed to clarify these issues.

3.2. Crop Rotation

In this study, crop rotations were assumed to have the second greatest effects on the yield
stability of crop production systems. The high importance of crop rotations is consistent with the
findings of several scientific studies. Favorable, diverse and lengthened crop rotations can improve
yield stability of winter wheat. On the other hand, monocultures of wheat lead to enhanced yield
variations [15,40,41]. Favorable preceding crops, such as oilseed rape and legumes (e.g., peas and field
beans), can positively affect the yield stability of winter wheat as the subsequent maincrop [16,17].
Furthermore, crop rotations can break soil pathogen cycles and reduce weedpressure [42]. In the
context of crop rotations, farmers also mentioned in the additional free text fields the advantages
of cultivating catch crops for the yield stability of winter wheat production. Surveyed advisors
stated the increased importance of favorable crop rotations with regards to the current restrictions
on mineral fertilization, the amendment of German governmental fertilization regulations [43] and
further prohibition of several active ingredients in chemical plant protection products due to the
German Plant Protection Act [44]. Overall, crop rotations should not only be planned for monetarily
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driven factors, but also with regards to soil fertility and environmental sustainability. Therefore, crop
rotations should be seen as a systems approach. Some of the respondents stated that favorable crop
rotations could react as a buffer for plants in the event of environmental stresses, which could assist in
improving yield stability in crop production. However, further investigation is needed to evaluate the
effect of different crop rotations on the yield stability of winter wheat under varying environments or
agronomic treatments. Optimally, these would be analyses with long-term field trials.

3.3. Plant Protection

For the surveyed farmers and advisors, plant protection was ranked third highest in importance
for yield stable wheat production. Plant health is a decisive criterion to secure wheat yields
through reducing biotic stresses (e.g., weeds, pests and pathogens). Furthermore, a longer period
of photosynthetic active green leaf area has been suggested as the main factor for yield increases
obtained with strobilurin and triazole fungicides as the increased photosynthetic period increases the
quantity of assimilate available for grain filling [45]. Moreover, as Mercer and Ruddock [46] observed,
the application of chemical growth regulators could improve root capacities, while a wide range of
fungicides led to a retention of green leaf area of wheat plants. Overall, as stated by Loyce et al. [47],
cultivar adapted plant protection is very important as there is a significant interaction effect between
the cultivar and the application of fungicides.

At present, major changes in the plant protection schemes due to regulatory reductions in the use
of chemical plant protection products are expected [44]. The respondents in this study underlined an
application of the integrated plant protection approach based on the control threshold principle and
selecting the right application date. They also mentioned the relevance of biological plant protection
methods and preventive measures (e.g., favorable crop rotations) in terms of the increasing absence of
chemical plant protection products (German Plant Protection Act) and resistance management. In this
context, the importance of plant protection and monitoring systems was underlined by a large number
of farmers and advisors. This is consistent with related studies, which emphasized the need for pest
and disease monitoring as a key adaptation response to climate change [30]. Additionally, many
farmers requested the breeding of multi-resistant wheat cultivars. In this context, Loyce et al. [31]
observed a synergistic effect between growing multi-resistant cultivars and low-input management
systems (lower amount of seeds, mineral fertilizers, fungicides and growth regulators) where each
made the other more profitable. The results demonstrated the potential benefits of using low-input
crop management systems with cultivars displaying multiple resistances to diseases and lodging.
In terms of sustainability and the preservation of natural resources, this aspect should be considered
in plant breeding where new cultivars need to be evaluated under a range of environmental and
agronomic treatment conditions as well as their adaptation to high- and low-input systems.

A further aspect of integrated plant protection is growing mixtures of cultivars. Diseases could be
reduced by growing mixtures of cultivars with different resistance genes, which could result in greater
yield stability when compared with pure stands [39]. The different cultivars in the mixtures also react
differently to biotic and abiotic stresses. Cultivar mixtures compensate for variations in environmental
conditions such as drought and therefore limit the risks of yield loss. Due to the interactions among the
different components, mixtures provide a buffer against environmental variations. The complementary
effect of cultivar mixtures includes the loss of inoculum due to the presence of resistant plants between
susceptible ones and resistance induced by avirulentpathogens [48]. Furthermore, cultivar mixtures
provide control against airborne diseases, enabling fungicide treatment to be delayed or reduced [49].
In plant breeding, intra-crop diversity is pursued and reached through the inclusion of functional
genetic diversity for diseases, pests and abiotic stress resistances into new wheat cultivars. This
could help improve yield stability in wheat production in addition to breeding crops adapted to
mixed cropping.
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3.4. Soil Cultivation

Wheat farmers may expect yield amount and yield stability improvements through reduced
soil or even no-till cultivation as well as appropriate rotations and retention of sufficient residues,
when compared to the common practices of heavy tillage before seeding, mono-cropping and crop
residue removal [50]. Furthermore, reduced tillage practices combined with crop residue retention can
increase moisture infiltration, reduce erosion and increase water use efficiency [51]. In this scenario,
crop residues accumulating on the soil surface form a barrier to water loss through evaporation
and decreased soil temperature [50]. In particular, the no-till method can improve soil organic
matter content due to lower decomposition rates from the physical protection of carbon within
aggregates [51-53], with a more stable soil aggregate structure being present under no-till compared
to conventional tillage [54]. This maintenance of soil fertility is important for the high yield stability
of crops and can be accomplished through catch crop cultivation with high biodiversity, a supply of
organic matter as well as ploughless soil tillage. This is due to their positive effects on soil structure
stability, the load-carrying capacity of the soil, humus content, soil organisms (e.g., Lumbircus terrestris)
and microbial activity [55,56]. However, in this study, the predominant opinion of farmers and advisors
was that reduced soil tillage or no-till systems had neutral or even negative effects on the yield stability
of a wheat production system. Only with regards to climate change, the surveyed farmers and advisors
commented in the free text fields that reduced soil tillage may be preferable for water-saving and
reducing soil erosion. This is consistent with the findings of Falloon and Betts [57], where changes
to the farmers in tillage practice under climate change focused mostly on soil water conservation
and protection against soil erosion (both water and wind). Thus, a conspicuous discrepancy was
obtained between the estimations of the farmers/advisors surveyed and the results of scientific studies
presented above. One explanation may be that the positive effects of reduced soil tillage or no-till
on yield stability would only be appreciated after a time-delay. A period of (at least) five years is
often required before the advantages of the reduced tillage or no-till treatments resulted in higher
and more stable yields when compared to conservative (intensive form) or conventional (plough) soil
cultivation, although this happened only with residue retention [50]. On the other hand, Fuhrer and
Chervet [56] specified that no-tillage systems with residue retention appeared to only have a marginal
effect on the yield stability of winter wheat. In contrast, as a result of this study, conventional soil
tillage and conservative soil cultivation (intensive and deep) was assumed to have positive effects on
yield stability. These estimations have to be seen in the context that in Germany, 59% of farmers are
practicing conventional soil tillage and 40% conservative soil cultivation (intensive) so these are the
most common used soil cultivation systems. Thus, only 1% of farmers are practicing no-tillsystems [58].
Therefore, a strong relationship of farmers’ evaluation to positive effects on yield stability of winter
wheat with the used soil cultivation system on their own farm has been found. We can conclude
that the farmers surveyed are considering their used soil cultivation system to be the best option for
yield stability. Additionally, farmers who do not use a practice are reluctant to make any positive
statements about it. This can also be seen in the relatively high number of abstentions for no-till systems
(Tables 6 and 7). Hence, further research is needed to assess the short- and long-term effects of soil
cultivation systems on yield stability of wheat, other crops and different crop rotations. An integrative
and practical approach would be of particular importance. Only this would enable farmers and
advisors to derive valid personal evaluations about on-farm effects of soil cultivation on yield stability.

3.5. Fertilization

One major agronomic treatment used to reduce yield variability of cereal crops can be obtained
by adequate fertilization of all relevant nutrients, with a focus on nitrogen fertilization [13,14]. This
assessment was also shared by the respondents of this study. Farmers and advisors emphasized
(in the free text field) the relevance of sufficient and well balanced macro- and micro-nutrient supply
(N, P, K, S, Mn, Cu, Bor and Zn) for wheat plants. They also highlighted the importance of straw
manure for soil fertility and increasing the humus content in the soil. Through this, an improved water
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holding capacity of the soil can be reached so wheat plants may cope better with drought [57]. Soil
organic matter is a key factor for agro-systems as it prevents soil degradation, reduces the risk of water
pollution in addition to enhancing chemical, biological and physical soil properties [59]. Improvements
to the soil organic matter content generally leads to an increase in agronomic productivity through
better use of energy based inputs, including fertilizers, water andpesticides [60]. The use of organic
fertilizer is considered an effective way of increasing soil organic carbon sequestration and supplying
micro-nutrients to crops in comparison to the sole use of mineral fertilizers [61]. Furthermore, organic
fertilization of wheat can lead to an increased grain yield of approximately 0.5 t ha~! more than
those only with mineral fertilizers, if nitrogen fertilization (kg N ha l)isona comparable level [62].
Furthermore, organic fertilizers, especially manure either alone or in combination with mineral
fertilizers, increases soil organic carbon as well as providing an effective means to conserve soil fertility
and wheat production [63]. In terms of climate change, an increase of nutrient supply might be
expected due to a longer vegetation period. However, more frequent heavy rainfall events may lead
to a higher risk of nitrogen and phosphorous leaching, resulting in a need for fertilization and crop
management modifications [30].

3.6. Further Management Practices

In comparison to other agronomic management practices, the effect of sowing date was ranked
low by the farmers and advisors in this study, but still assumed a positive impact on the yield stability
of wheat. The respondents commented that positive effects on yield stability could only be assumed if
sowing date was adapted to site conditions and wheat cultivar. This ranking could be confirmed by
related studies, while site, variety type and cultivar adapted sowing date could help to significantly
improve yield stability of cereals [13,64,65]. Additionally, a few respondents mentioned that earlier
sowing dates (mid-September) may lead to better root growth in autumn, which can improve the
drought tolerance of wheat plants in the following spring. Earlier sowing dates are expected to use as
much of the winter precipitation as possible, which can prolong the growing season. Thus, this allows
the introduction of cultivars which have a longer development period [6]. On the other hand, earlier
sowing also comes with risks, e.g., of increased virus and fungal disease pressure.

Irrigation is uncommon in German wheat production, which can be attributed to the high number
of abstentions in this study (Tables 4 and 5). Furthermore, irrigation is only sometimes used on sandy
soils or marginal sites, where wheat might not be the most preferable crop. Here, irrigation can
be the decisive criterion and the only technique to obtain wheat yield. Under extreme unfavorable
environmental conditions (e.g., soil and precipitation distribution), additional external input, such as
water supply, gains importance. In terms of climate change, this aspect might lead to an increased use
of irrigation in agronomic practice [4].

4. Materials and Methods

4.1. Study Area

In Germany, the agricultural area covers 16.7 million hectares, with arable farming on 11.8 million
hectares by 276 thousand farms, which includes 8% organic and 92% conventional farming systems [1].
Here, winter wheat is the most important cereal crop and is currently grown on 3.2 million hectares,
which is 60% of the winter cereal growing area [2]. In the harvest year of 2016, German wheat
production was approximately 24.6 million tons with an average yield of 7.7 t ha~! for winter
wheat [66]. Thus, Germany is the second most important wheat producer (after France with 40 million
tons) in the European Union [67]. The climate in Germany can be described as temperate with a
long-term annual average air temperature of 8.9 °C and long-term annual precipitation sum of 746 mm
(spring: 178 mm; summer: 231 mm; autumn: 177 mm; winter: 160 mm) for the period 1981-2010 [68].
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4.2. Data Collection and Analysis

The study was carried out nationwide in Germany from January-March 2017, based on a
standardized, written survey. Farmers and advisors with experience in the field of wheat cultivation
or research were invited as target groups to participate in the survey. The invitations for advisors
were distributed as direct e-mails with a personal letter and a link to an online version of the survey.
The invitations for farmers were send out via postal /fax mailings in cooperation with regional German
farmer associations and the Regional Departments of Agriculture in addition to via personal invitations.
In addition, short notes, articles and adverts in digital and print media (Agrarmagazin, Bauernzeitung,
Agrarheute) advertised the survey. Here, a direct link to the Institute’s webpage (University of Giessen,
Professorship of Agronomy) was provided, where the online survey was placed on the home page.

First, participants were asked to provide general information about themselves, including field
of work, experience in wheat cultivation (number of years). Additionally, farmers were asked about
their farming system and site conditions (wheat acreage, soil and climate specifics). In the second
part, the participants were asked eight questions about the yield stability of winter wheat covering the
following issues: general importance of yield stability for wheat production, importance compared
to yield amount, different agronomic management practices, soil cultivation system, comparison
of different cultivars regarding variety type (hybrid vs. line) and registration year; and finally,
the relevance of yield stable cultivars regarding climate change. The questions were in the form
of closed questions (yes/no) and multiple choice questions with a single selection. A free text field for
comments was provided next to each question.

At the end of the study, a total of 1022 (827 farmers and 195 advisors) questionnaires were collected
(98 paper-based and 924 web-based surveys). In relation to the number of invitations this corresponds
to an overall response rate of 71% for the advisors. The response rate for farmers was calculated
based on wheat acreage. In this study, the farmers cultivated wheat on an average of 152 hectares per
farm. Compared to the total wheat production area in Germany (3.15 million hectares), a response
rate of 4% was calculated. With regards to the total number of farms in Germany (276 thousand),
the response rate for farmers is <1%. After a review of each individual value with respect to reliability
and coherence, 407 questionnaires needed to be excluded. This review contained the rejection of
315 questionnaires, because respondents only started the questionnaire or entered general information
about themselves, but did not answer the disciplinary questions about yield stability of winter wheat.
Additionally, 92 questionnaires were excluded, because the respondents stated to have no experience in
wheat production (zero years), made only non-relevant answers (statements on agriculture in general)
or entered non-reliable values (e.g., wheat acreage = one million hectare). Thus, a sample size of
615 questionnaires (farmers 474 and 141 advisors) formed the data for this study. Sociodemographic
details of this study with regards to regional distribution, annual wheat acreage and experience in
wheat production of the participant group ‘farmers’ are shown in Table 12. For the advisors surveyed,
an average experience in wheat production of 17 years can be stated. The advisors interviewed are
often working in more than one region or nationwide in Germany. Thus, detailed information about
the regional distribution of participant group ‘advisors’ is not shown here.

Table 12. Sociodemographic details of participant group ‘farmers’ with regard to regional distribution,
annual wheat acreage and experience in wheat production.

Region in Number of Average Annual Wheat  Average Experience in Wheat
Germany Participants (n) Acreage (ha) Production (years)
North 109 21 13
South 78 15 10
East 132 83 12
West 84 17 10

Central 71 22 16
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The descriptive analysis and the calculation of correlation coefficients (association between various
responses/questions) were made with IBM SPSS Statistics 23 software (IBM Corporation, New York,
NY, USA). Additionally, a small number of participants made comments in the free text fields. These
comments are mentioned next to the related issues and tables in chapters of results and discussion.

It should be noted critically that the results only provide subjective estimations of the respondents
and are not generally valid due to limited statistical representativeness. In web-based surveys, there is
often a problem in defining the sampling frames [69]. Furthermore, the testing environments are not
transparent for the interviewer, while there are also problems with high drop-out rates, non-reliable
or multiple answers [70]. To prevent these issues, each questionnaire was checked for reliability and
multiple entries were prevented through technical restrictions (e.g., single filling per ID address).
Additionally, the target group of farmers and advisors were invited by farmer’s associations and even
personally by the interviewer herself via announcements in agricultural magazines and websites. Thus,
the participants were clearly targeted. The comparison of responses from web-based and paper based
surveys showed the following. There was a high dropout rate in online questionnaires (online survey
clicked on 1357 times with participants beginning to fill out, but only 924 received back). In contrast,
nearly all farmers and advisors filled-out paper based surveys and sent back the questionnaire (sent out
109 and received back 98). Additionally, from the total of 1022 received questionnaires, the web-based
survey needed to be omitted for evaluation more often than paper based ones, because the respondents
stopped filling out after the general information section at the beginning or even made inadequate
comments, but gave no serious answers at all (rejection rate: in total 407, web-based 386, paper-based
21). Regarding the questionnaires evaluated (1 = 615), no differences between the responses from
web-based and paper-based surveys could be determined. Overall, the advantages of a web-based
empirical study attaining a large target group by a single interviewer and providing a broad-based
data set outweigh the possible risks as above-mentioned.

5. Conclusions

Yield stability of winter wheat is of major importance in agronomic practice and seems to be more
important than the yield amount, especially when considering climate change. However, yield stability
is a complex subject and can be affected by many environmental, genetic and agronomic factors. Hence,
yield stability in farming practice must be seen and improved in a systems approach. However, even if
environmental conditions are uncontrollable, farmers can adapt their agronomic management practices.
To enable this change, further research effort is needed. Initial approaches are shown by current wheat
breeding projects. New wheat cultivars, especially promising hybrid candidates, provide favorable
combinations of high yield stability and high yield amount. Furthermore, official variety testing
under a wide range of environmental conditions (soil, year) and agronomical management practices
with valid estimations of yield stability is necessary. However, wheat breeding and cultivar choice
are not the only methods for improving yield stability. To think in an agronomic systems approach,
favorable and diverse crop rotations, site adapted soil cultivation systems, integrated plant protection,
appropriate mineral and organic fertilization in additions optimal seeding conditions in autumn are
the foundations for improving the yield stability of winter wheat. All these individual sub-sectors
should complement each other and work well as a whole. Thus, further investigation should not only
focus on specific or single issues, but on a larger scale in a comprehensive systems approach to better
understand the environmental and agronomic interaction effects on the long-term yield stability of
winter wheat. Estimations of yield stability should be confirmed by multi-environmental field trials
for winter wheat, which implies testing over several years and at several locations with different
soil conditions. Therefore, to achieve this goal, long-term field trials in diverse growing regions are
essential to provide valid estimations about the interaction effects of environmental conditions and
different agronomic management practices (e.g., crop rotation, soil cultivation, fertilization, cultivar
and plant protection) on the yield stability of winter wheat. Furthermore, these results should be
proven if there might be any differences regarding yield stability of winter wheat between conventional
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and biological farming practices. Overall, this implies the need for the use of high personnel and
monetary resources for broad field testing. However, the study would be of great worth and potential
value. Thus, research cooperation for an exchange of experience and results as well as for retrospective
secondary stability-analysis of multi-environments could be an option.
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