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ABSTRACT 
Agricultural systems must constantly adapt to pressuring events such as climate change 
and population growth to maintain and improve production processes in a sustainable 
manner. Thereby the genetic diversity of plants used in agriculture constitute a strategic 
asset. Genetic resources are vital to provide sustainable food security and livelihoods. 
Nevertheless, their economic value is often overlooked, and the respective economic as-
sessment remains a challenge as many of these values are not traded on markets. It is 
necessary to access genetic resources directly to realize their values (e.g., through breed-
ing or adoption). Thus, the exchange of diverse genetic resources is of great importance. 
Economic studies which analyze the economic values of the exchange and adoption are 
under-represented in the relevant literature. In order to fill this research gap, this thesis 
presents three assessments that produce more evidence on the economic value of plant 
genetic resources. 

Within this thesis, I discuss two very distinct agricultural systems, which differ greatly in 
terms of climate, agroecological conditions, farming practices, seed systems, political and 
economic frameworks, and the socio-cultural embeddedness of the crop in question. The 
first two assessments are concerned with winter wheat (Triticum aestivum) breeding and 
production in the temperate climate and intensive growing conditions in Germany. Mod-
ern cultivars created in a formalized breeding process prevail in this system. The follow-
ing two research questions are elaborated: 1) What is the economic value of exchanging 
breeding material? and 2) What is the microeconomic value of resistance breeding? The 
third assessment presents a different agricultural system: Andean agriculture, where a 
wide variety of potato landraces (Solanum spp.) are grown extensively in the Peruvian 
highlands. In this case, the research question I investigated is: 3) What are the benefits of 
repatriating (i.e., redistributing) potato landraces to Andean farmers?  

These studies demonstrate that the availability, exchange, and adoption of plant genetic 
resources, which are well adapted to and culturally embedded in specific agricultural sys-
tems, improve the overall quantity and sustainability of agricultural production. These 
improvements can be translated into sectoral, microeconomic as well as nutritional and 
cultural benefits. The first analysis shows that the exchange of plant breeding material 
generated a large economic surplus of 19.2 to 22.0 billion EUR between the production 
years 1972 and 2018 in Germany. This study is the first to assess the use of the breeders’ 
exemption in Germany, and also quantify its economic impact. The second analysis proves 
for the first time that resistance breeding in Germany had a statistically significant and 
strong positive impact on winter wheat gross margins. The economic benefits stem from 
the lower infection rates of newer varieties. As a result, fungicide use could be abandoned 
without negatively affecting gross margins, which were intermittently even increased 
through the avoidance of plant protection costs. The third analysis documents the nutri-
tional and cultural benefits induced by potato landrace adoption and is the first analysis 
to quantify the in situ survival time of repatriated landraces among smallholder farmers. 
Hence, this dissertation provides important evidence on the economic value of plant ge-
netic resources. 
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ZUSAMMENFASSUNG 
Landwirtschaftliche Systeme müssen sich immerfort an Druckfaktoren wie Klimawandel 
und Bevölkerungswachstum anpassen. Nur so kann die Produktion erhalten und nachhal-
tig verbessert werden. Hierbei spielt die genetische Vielfalt von Pflanzen eine wichtige 
Rolle, da diese für die Sicherung der Ernährung und des Einkommens von entscheidender 
Bedeutung ist. Dennoch wird der wirtschaftliche Wert pflanzengenetischer Ressourcen 
selten untersucht. Die ökonomische Bewertung bleibt eine Herausforderung, da nicht alle 
Werte pflanzengenetischer Ressourcen als Gut auf Märkten gehandelt werden. Um ihre 
Werte zu realisieren, ist es zunächst notwendig, direkt auf sie zugreifen zu können (z. B. 
durch Züchtung oder Anbau). Ökonomische Studien, die den Austausch und die Nutzung 
solcher Ressourcen bewerten, sind allerdings in der Literatur unterrepräsentiert. Um 
diese Forschungslücke zu schließen, werden in dieser Arbeit drei Bewertungen vorge-
stellt, welche die wirtschaftlichen Werte pflanzengenetischer Ressourcen untersuchen. 
 

Im Rahmen dieser Dissertation werden zwei verschiedene Agrarsystemen analysiert. 
Diese unterscheiden sich hinsichtlich des Klimas, der agrarökologischen Bedingungen, 
der landwirtschaftlichen Praxis, der politischen und ökonomischen Rahmenbedingungen 
sowie der soziokulturellen Verankerung der Kulturart. Die ersten beiden Analysen befas-
sen sich mit der Züchtung und Produktion von Winterweizen in Deutschland. Charakteri-
siert sind diese durch ein gemäßigtes Klima und intensive Anbaubedingungen. In diesem 
System überwiegen moderne Sorten, die in einem formalisierten Züchtungsprozess ent-
standen sind. Es werden die folgenden Forschungsfragen beantwortet: 1) Was ist der öko-
nomische Wert, der durch den Austausch von Zuchtmaterial entsteht? und 2) Wie hoch ist 
der mikroökonomische Wert von Resistenzzüchtung? In der dritten Analyse wird ein wei-
teres Agrarsystem vorgestellt: Die Andenlandwirtschaft, wo im Hochland unter extensi-
ven Bedingungen eine Vielzahl von Kartoffellandrassen angebaut wird. Dort wird fol-
gende Frage analysiert: 3) Welche Mehrwerte wurden durch die Repatriierung oder Neu-
verteilung von Kartoffellandrassen erzielt? 
 

Diese Analysen zeigen, dass die Verfügbarkeit, der Austausch und die Nutzung von pflan-
zengenetischen Ressourcen die Agrarproduktion verbessern; es entstehen sowohl sekt-
orale, mikroökonomische als auch ernährungsbezogene und kulturelle Mehrwerte. Die 
erste Analyse zeigt, dass von 1972 bis 2018 durch den Austausch von Zuchtmaterial zwi-
schen Zuchtfirmen ein wirtschaftlicher Überschuss von 19,2 bis 22,0 Milliarden Euro in 
Deutschland generiert wurde. In der zweiten Analyse kann erstmalig bewiesen werden, 
dass eine durch Resistenzzüchtung entstandene höhere Pflanzengesundheit sowie Er-
tragsstabilität einen stark positiven und statistisch signifikanten Einfluss auf die De-
ckungsbeiträge von Winterweizen hatten. Der Verzicht auf Fungizide kann bei modernen 
Sorten also den Deckungsbeitrag erhöhen, da Kosten entfallen, der Kornertrag aber hoch 
bleibt. Die dritte Analyse dokumentiert die ernährungsphysiologischen und kulturellen 
Vorteile von Kartoffellandrassen in Peru. Es ist die erste Analyse, welche die Überlebens-
dauer repatriierter Landrassen quantifiziert. Somit leistet diese Dissertationsschrift ei-
nen wichtigen Beitrag zur ökonomischen Bewertung von pflanzengenetischen Ressour-
cen.  
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1. Introduction 
 

1.1. Pressures 
 
In 2020 between 720 and 811 million people suffered from hunger (FAO et al., 2021), 
despite advancements in agricultural productivity as well as national and international 
commitments to achieve food security over the last decades. At the same time, global food 
demand is projected to increase by 35 % to 56 % between 2010 and 2050 (van Dijk et al., 
2021). As a result, global food production must increase (OECD and FAO, 2021). Also, a 
rapidly growing world population, climate change, evolving consumption patterns, in-
creased biofuel use, regulatory frameworks and societal pressures put pressure on agri-
cultural systems around the globe and change these (OECD and FAO, 2021; Ray et al., 
2013; Godfray et al., 2010). Furthermore, the agricultural sector is a large labor market 
and sustains families, in particular smallholder farmers in low-income countries (Lowder 
et al., 2021). 
 

1.2. Sustainable intensification and adaptation 
 
Hence, the crucial challenge is to sustainably stabilize or increase production without con-
verting more land for agricultural purposes, without exploiting more limited resources 
such as phosphorus and without negatively impacting the climate and environment (God-
fray and Garnett, 2014). Further it is important to maintain the (agri-) cultural systems 
(Koohafkan and Cruz, 2011), or globally important agricultural heritage systems1 (FAO, 
2018), in which crops are grown. Maintaining culture and biodiversity is a fundamental 
part of maintaining agricultural and heritage systems.  

 
Since the beginning of farming, farmers and other stakeholders along the agricultural 
value chain have continually adapted production systems to new conditions. Technologi-
cal change has been a dominant driver of such adaptations and has many causes such as 
changes in management, mechanization, and input use. The latter includes a number of 
options, such as fertilizer, plant protection and high yielding varieties. Along with ferti-
lizer, such varieties were the main contributors to the green revolution, which increased 
yields in low-income countries and improved food security considerably (Gollin et al., 
2021). Nevertheless, technological change has also disrupted agricultural systems and in 
some cases led to maladaptation (Neset et al., 2019; Müller et al., 2017; Christian-Smith et 
al., 2015). New practices or techniques might have unforeseen, negative consequences in 
the longer term. Therefore, it is important to holistically assess new technologies and 

                                                       
1 The Food and Agriculture Organization of the United Nations (FAO) defines one globally important agri-
cultural heritage system as outstanding landscapes of aesthetic beauty that combine agricultural biodiver-
sity, resilient ecosystems, and a valuable cultural heritage (FAO, 2018). 
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their intended impacts, as well as to assess their impacts on other sectors and vulnerabil-
ities to climate change (Akanbi et al., 2021; Aggarwal et al., 2018).

1.3. Plant Genetic Resources for Food and Agriculture

Well adapted2 and healthy planting material is an 
im-portant agricultural technology or resource. 
Further, they are an important resource for 
climate change ad-aptation (Galluzzi et al., 
2020). According to interna-tional law such 
material is a subset of Plant Genetic Re-sources 
for Food and Agriculture (PGRFA). These are 
“any genetic material of plant origin of actual or 
poten-tial value for food and agriculture” (FAO, 
2009). They include domesticated or cultivated 
plant species (land-races3 and improved crop 
varieties4), plant breeders’ material, wild plant 
species with potential beneficiary traits, crop 
wild relatives and wild-harvested species used 
for food and fodder (Kell et al., 2017). PGRFA are 
used for different purposes and at different 
stages of the agricultural value chain. Kell et al. 
(2017) devel-oped a PGRFA use system to 
illustrate the main ele-ments and potential 
interactions between them (Figure 1). Figure 1: The main elements of the PGRFA use 

system and the potential interactions between 
them, replicated after Kell et al. (2017).

1.4. Conservation of PGRFA

In defiance of its importance, biodiversity for food and agriculture is declining. Only nine 
of the 6,000 plant species cultivated for food, account for 66 % of total crop production 
(FAO, 2019). Therefore, a debate ensues how to best conserve the large diversity of 
PGRFA. Broadly speaking, PGRFA can be maintained in situ, on farmers’ fields, or ex situ, 

2 Well adapted material refers to cultivars or varieties which grow well under the growing conditions they 
are planted in. This is shown by e.g., high or stabile yields. 
3 Landraces, also called farmers’ varieties, are farmer-selected genetic resources which are morphologically 
distinct, but genetically diverse (Smale and Jamora, 2020; Harlan, 1975). In millennia-old farming systems, 
often crops’ center of origin and hence diversity hotspot, landraces continue to evolve and adapt to changes 
in the environment, climate, and farming system (Bellon et al., 2000).
4 Variety means a plant grouping, within a single botanical taxon of the lowest known rank, 
defined by the reproducible expression of its distinguishing and other genetic characteristics (FAO, 2009).
Improved varieties, also called modern cultivars, are created by professional plant breeders in formalized 
breeding processes which create distinguishable varieties with constant characteristics (Smale and Jamora, 
2020). Exact definitions vary by countries’ regulatory frameworks.
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in genebanks or other seed vaults. Also, other stakeholders, such as breeders and garden-
ers maintain diversity. Raeburn (1996) claimed that genebanks are seed “morgues”, 
hence attributing marginal value to them. Simultaneously, scientists have started discuss-
ing a complementary and dynamic model of ex situ and in situ conservation, which has 
been increasingly promoted and accepted (Ocampo-Giraldo et al., 2020; Meng et al., 1998; 
Bellon et al., 1997; Berthaud, 1997; Maxted et al., 1997; Ortega, 1997). Further, many ad-
vances have been made in storage and regeneration techniques used by genebanks  
(Hay, 2021). 
 

1.5. Access to PGRFA 
 
For farmers, breeders, and other stakeholder it is crucial to have access to PGRFA to sus-
tain, improve and adapt agricultural production (Kovats et al., 2014), not only for food 
security and income generation, but also for the culture and traditions which  are embed-
ded in PGRFA. 

 
This access can be created by so-called formal or informal seed systems. Here, a formal 
seed system broadly refers to a regulated seed sector with regulations on seed exchange 
and adoption as well as certification systems, whereas these are not present in an infor-
mal or unregulated system. A formal seed system provides PGRFA, which were released, 
registered, or certified according to certain regional standards and an informal seed sys-
tem is often enabled by intragenerational farmer-to-farmer exchanges without a formal 
certification institution. Often, informal and formal seed systems coexist (Croft et al., 
2018; Munyi et al., 2015). 

 
Another access option is direct distribution of resources safeguarded by genebanks. Such 
redistributions of genebank accessions to farmers are called repatriations or rematria-
tions (Ocampo-Giraldo et al., 2020). It is also crucial that other stakeholders in the seed 
system such as breeders, retailers and extension services have access to PGRFA to make 
use of the vast global material available (Searchinger et al., 2014).  
 
Globally the access to genetic resources is governed by various national and regional leg-
islations. For example, in Germany the breeder can apply for plant breeders’ rights for any 
newly discovered plant variety and thereby protect the variety in a manner comparable 
to patent protection. However, the breeder’s exemption allows other breeders to use va-
rieties released by their colleagues, without permission or costs to create new varieties. 
Hence an “open-source system” is created as breeders can freely access other varieties. 
This applies to all members of the International Union for the Protection of New Varieties 
of Plants (UPOV), whose member states recognize the breeder’s exemption. The breeder’s 
exemption has the goal to facilitate the access to breeding material with the goal of ena-
bling and accelerating innovations in breeding, which ultimately creates benefits for soci-
ety by improving food security as well as by increasing incomes along the agricultural 
value chain (UPOV, 1991). In systems without the breeder’s exemption, e.g., in the United 
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States of America, the access to breeding material by breeders, could be restricted by the 
owner of certain material. There is an ongoing debate on the positive and negative effects 
of specific regulatory systems for plant variety protection (Heald and Chapman, 2011; Ko-
lady and Lesser, 2009; Lence et al., 2005). Critics of the breeder’s exemption argue that it 
decreases innovation as breeders cannot protect their intellectual property rights 
whereas patent systems would spur innovations as revenues are secured (Heald and 
Chapman, 2011). Eaton (2002) argues that a reduced access to plant genetic material can 
lead to market concentration, prohibitive prices, and diversity loss.  

 

1.6. Exchange of PGRFA 
 

Plant genetic resources are conserved by many stakeholders in situ and ex situ (see sec-
tion 1.4). Therefore, an exchange of PGRFA can be realized between all stakeholders if 
they mutually agree. As many of the staple foods grown around the world have not origi-
nated from all their current cropping areas, the international exchange of PGRFA has been 
and still is crucial for food security and agricultural improvement. Therefore, a strong 
global dependence and interdependence on plant genetic resources exists (Galluzzi et al., 
2016).  

 
Based on different regulations for access, national and international genebanks provide 
the PGRFA they safeguard to relevant stakeholders. Internationally, the genebanks of the 
centers which belong to the Consultative Group on International Agricultural Research 
(CGIAR) are crucial for providing access to and exchanging PGRFA with all stakeholders. 
Some studies have analyzed the exchange of genebank accession between these CGIAR 
centers. It was mostly developing countries and those in transition who have participated 
in this stream of PGRFA material and much of the material was used in the respective 
countries’ public research and breeding programs (Galluzzi, et al., 2016). The study also 
showed that countries would use a wider diversity of germplasm from other countries if 
access was facilitated. Also, earlier at the beginning of this millennium Fowler et al. (2002) 
found that developing countries are the net recipients of germplasm samples from CGIAR 
genebanks. Further, the acquisition and distribution of PGRFA by CGIAR genebanks has 
increased over the last decade (Halewood et al., 2020). In comparison with the studies 
aforementioned, it remains a challenge to trace the exchanges between (public and pri-
vate) breeding companies due to privacy statements and company secrets. 

 

1.7. Adoption of PGRFA 
 
The reasons for choosing and using, i.e., adopting, specific PGRFA depend on more than 
access. Further socio-cultural (de Haan, 2009), agroecological and economic factors as 
well as innate personal preferences (Meng, 1997) play a role. On farms, varieties are cho-
sen based on crop rotation practices, soil characteristics, climate (and resulting biotic and 
abiotic pressures), farm endowments, intended produce (e.g., wheat for bread or feed) as 
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well as traditions and local consulting services. In many market-oriented systems, when 
formal seed systems succeed in providing access to the newest, best fitting and healthiest 
improved varieties, the time to replace one variety with another is short (Nazli and Smale, 
2016).

In the absence of formal seed systems, when these are incomplete or missing, farmers in 
many subsistence-oriented farming systems depend on each other for PGRFA. This also 
happens if supply is not responsive to farmer demand for variety traits. In particular at
crops’ places of origin, diversity hotspots exist, and farmers have safeguarded and se-
lected PGRFA for millennia (Harlan, 1975). Hence farmers rely on a higher diversity of 
local landraces which have been handed down in the families since generations (Brush, 
2004). Farmers also often continue to grow their own landraces alongside improved va-
rieties supplied by the formal seed system because each type of material meets a different 
need (Winters et al., 2006; Brush, 1992). 

1.8. The value and economics of PGRFA

In order to gain a better understanding of the value of PGRFA, it is important to apprehend
the sources which create their values (Smale and Jamora, 2020). In resource economics, 
one option to conceptualize value sources is the total economic value framework (Smale 
and Jamora, 2020). According to this framework, the total value of any resource is com-
posed of use and non-use values (see Figure 2). The use values can be direct and indirect. 
Further an option or insurance value exists which considers that certain resources or 
traits thereof can be useful for future uses such as for climate change adaptation. Also, 
there exist non-use values, the existence and bequest value. Based on these value sources
PGRFA can be evaluated. Nevertheless, applying this framework is often limited by data 
scarcity and attribution difficulties. Also, the size of the values is debated.

Figure 2: Total economic value framework as presented in Smale and Jamora (2020).

Generally speaking, economic effects can be evaluated at two different levels: the microe-
conomic and the macroeconomic level. The microeconomic level investigates individual 
market participants, e.g., a farm, company, or a consumer. While the macroeconomic level 
considers a whole economy, hence the economy of a region or country. One can also look 
at economic effects at the level of one economic sector (e.g., the agricultural sector). 
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1.9. Plant breeding 
 
The improvement of the efficiency and resilience of crop production is imperative for food 
security (Abberton et al., 2016) and climate change adaptation. Plant breeding is one tool 
to achieve this goal (Searchinger et al., 2019). In order to meet the rising global demand, 
yields of the most important crops must increase (Fischer et al., 2014; van Ittersum et al., 
2013).  

 
Plant breeding can positively affect yields manifoldly. First, it can increase the potential 
genetic yield of a crop. Consequently, it can also enhance yields attainable under very good 
management conditions and also the yields actually achieved on average farms5. Apart 
from increased input usage, such yield enhancement was one of the main goals of the 
green revolution. Secondly, a huge contribution to achieving higher yields at a global level 
is done by improving yield stability through increased resistances and tolerances to abi-
otic and biotic stress (Marasas et al., 2003). Thus, breeding can contribute to closing the 
yield gap6.  

 
As wheat is one of the main staple foods around the globe, it is of special interest to in-
crease its yields to improve food security. Globally wheat yields have been increasing 
steadily and much research has been done to detect the impact of breeding on wheat traits 
(Shiferaw et al., 2013). According to Ray et al. (2013) global wheat yields increased by 
0.9 % on average per year between 1961 and 2008. Growing at this rate, in 2050 global 
wheat production would have only increased by 38 % compared to today, which is insuf-
ficient to double production by 2050. According to Ahlemeyer and Friedt (2010) German 
wheat breeding increased attainable yields by 0.34 to 0.38 dt ha-1 year-1 between 1966 
and 2007, which is about 0.5 % of the average yield attained in 2010 in Germany (Statista, 
2021). Follow-up trials by Voss-Fels et al. (2019) detected a yearly grain yield increase by 
0.35 – 0.5 dt ha-1. Further other traits such as nitrogen and water use efficiency created 
more resilient cropping systems (Voss-Fels et al., 2019). The yield increase was particu-
larly triggered by increased resistances to powdery mildew and stripe rust (Zetzsche et 
al., 2020) and a beneficial accumulation of positive alleles (Voss-Fels et al., 2019). Never-
theless, for example the global metanalysis by Ray et al. (2013) indicates that on-farm 
wheat yields either never improved, stagnated or even collapsed on 39 % of the global 
wheat-growing areas. Future strategies to increase wheat yield potential include to in-
crease photosynthetic capacity and maximize its utilization, tap diverse genetic resources 
to further accumulate positive yield traits and prevent avoidable yield losses (Reynolds 
et al., 2009).  
                                                       
5 The concept of attainable yield refers to the yield which could be attained by a skillful farmer but is still 
constrained by soil conditions as well as abiotic and biotic risk factors, while farm yields refer to the yields 
actually achieved on farmers’ fields (see Connor et al., 2011 and van Ittersum and Rabbinge, 1997). 
 

The yield potential or maximum genetic yield indicates the yield of a site-specific and adapted cultivar cul-
tivated with the best management and free of biotic and abiotic stress factors (see Evans and Fischer, 1999). 
 

6 According to Fischer and Edmeades (2010), the yield gap is defined as the difference between farm yield 
and attainable yield. 
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New breeding methods7 along with improved genetic knowledge can accelerate and ame-
liorate the breeding process (Searchinger et al., 2019; Watson et al., 2018; Searchinger et 
al., 2014; Godfray et al., 2010; Tester and Langridge, 2010; Alston et al., 2000). For exam-
ple, when applying CRISPR/Cas, researchers succeeded at creating a wheat variety which 
is resistant to powdery mildew and further improved overall yield levels and its stability 
(Acevedo-Garcia et al., 2017; Wang et al., 2014). The new technique made it possible to 
directly transfer the powdery mildew resistance found in barley to a wheat variety. With-
out the new technique, thus with conventional breeding, this would have taken 10-20 
years (Acevedo-Garcia et al., 2017; Wang et al., 2014). These findings are important steps 
towards breeding and releasing commercial wheat varieties, resistant to powdery mil-
dew. Also, other advanced methods such as marker assisted selection help to accelerate 
conventional breeding processes. This time advantage is of special importance with re-
gard to climate change adaptation and also when breeding new varieties of orphan crops8, 
as breeding knowledge of these is limited (Kamenya et al., 2021; Ribaut and Ragot, 2019; 
Tadele, 2019; Searchinger et al., 2014). Nevertheless, legal and regulatory requirements 
partly prevent the approval and adoption of varieties produced with such methods.  

 

1.10. Contribution of plant breeding to agricultural total factor productivity 
 
The previous section has shown that plant breeding, hence the use, exchange and also 
adoption of PGRFA, increases agricultural total factor productivity, i.e., more agricultural 
output can be produced from a constant number of resources. The contribution of plant 
breeding to agricultural total factor productivity in agriculture is discussed in the litera-
ture. According to the meta-analysis for Germany by Lotze-Campen et al. (2015) it ranges 
between 50-90 % and is increasing. If sufficient data was available, a straightforward 
method to assess this is by pursuing a cost benefit analysis or through the calculation of 
the return-to-investment ratio. With this approach one could compare the costs for plant 
breeding research and development (public and private investments) to its monetized 
benefits. These returns could change with a more widespread use of new breeding tech-
niques which are more resource- and time-efficient and thus allow to shorten long gener-
ation times of conventional cross breeding (Heffner et al., 2010).  
 
As explained in the previous section, plant breeding has considerably improved grain 
yields and other traits in the past. Depending on the crop, region and considered time 
horizon, plant breeding significantly augmented yields. The analyses of field trial data 
showed that, for all crops in Germany, most yield progress is generated by plant breeding 
or genetic improvement (Laidig et al., 2017; 2014). Studies suggest that the breeding-

                                                       
7 Among these are genome editing, genomic selection, CRISPR/Cas, speed breeding, marker assisted selec-
tion, and high-trough output genotyping. 
 

8 The term orphan crop describes crops which are important staple crops (in particular in food insecure 
regions) but receive relatively little research attention from either private or public sources. Hence, their 
marginal yield improvement potential is comparably large. Orphan crops include barley, sorghum, millet, 
beans, groundnuts, cassava, and potatoes. 
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induced share for wheat in Germany ranges between. 72.6 % and 88.0 % (Laidig et al., 
2017) for the period from 1983 to 2014. A global analysis by Fischer and Connor (2018) 
calculates about half of the improvements in wheat can be attributed to plant breeding, 
for other major crops such as potatoes, soybean, and pulses it ranges between half and 
two thirds. Furthermore, in intensive cropping systems, the effect of inputs and agro-
nomic improvement has decreased in intensive cropping systems and hence the relative 
effect of plant breeding increased (Voss-Fels et al., 2019, Lotze-Campen et al., 2015). 

 
Yield increases, partly induced by plant breeding, have decreased the crop land necessary 
to produce one unit. When considering yield levels of 1961, 1.69 billion additional hec-
tares of crop land would be needed to produce the production quantity of 2019 (Ritchie 
and Roser, 2019). This has great consequences for global land use, environmental and 
climate protection.  

 
It is important to note that there exists a large body of literature on productivity gains 
from agricultural research investments quantifying e.g., rates of return to agricultural re-
search around the world. Nevertheless, it remains a challenge to disentangle the effect of 
breeding on agricultural productivity, in particular when isolating the effect of single va-
rieties or breeding programs. This is due to a lack of available and accessible data (see 
also section 5.2). International and national agricultural research centers as well as pri-
vate companies have valuable data, but their potential cannot be fully realized when it is 
inaccessible for external researchers. In order to estimate the economic effects for farm-
ers or a whole agricultural sector, it is necessary to have data on the variety-specific 
changes induced by breeding and also variety-specific adoption rates. Retrieving both in 
sufficient data quality and detail remains a challenge for external researchers. 

 

1.11. Research gaps 
 
Within the context outlined above, this thesis analyzes the economic value of exchanging 
and adopting PGRFA, an aspect which is largely underrepresented in the scientific litera-
ture. Data scarcity is one reason for this, as pedigree data is necessary to analyze the ex-
change of improved varieties bred by privately or publicly funded plant breeding organi-
zations, which is often not disclosed or unavailable. Further variety-specific adoption 
rates are vital to determine the exchange and adoption of PGRFA. And on the crop level, 
most estimations exist on the breeding-induced effect on phenotypic traits such as grain 
yield. Also, on a more aggregated sectoral or macroeconomic level, the quantification of 
the effect of exchanging, using, and adopting PGRFA remains a challenge. Despite the 
acknowledgement and empirical evidence that plant breeding has made an important 
contribution to yield increases and other improvements along the agricultural value 
chain, economic studies that analyze the economic impact and values of exchanging and 
adopting plant genetic resources, and the data to back these up, are scarce in comparison 
to other fields of agricultural economics.  
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1.12. Overall topic of this thesis 
 
To this end, this thesis provides new and additional evidence to the quantification of the 
economic value of PGRFA. It tackles the main elements of the PGRFA use systems and 
some of their interactions as described by Kell et al. (2017) (see Figure 1). The second 
chapter entitled “The economic impact of exchanging breeding material: Assessing winter 
wheat production in Germany” explores the sectoral effect of exchanging breeding mate-
rial and therefore tackles the PGRFA use system element availability & user access to 
PGRFA material, crop improvement and cultivation. It was published as Lüttringhaus et 
al. (2020). In the third chapter “Resistance breeding increases winter wheat gross mar-
gins: An economic assessment for Germany”, the microeconomic (farm-level) effect of re-
sistance breeding on crop production is examined. This research was published as Lüt-
tringhaus et al. (2021a), The fourth chapter, entitled “Dynamic guardianship of potato 
landraces by the genebank and Andean communities”, explores the benefits and changes 
induced by a repatriation program, and hence investigates the following use system ele-
ments: PGRFA conservation on farm and in a genebank, availability and user access to 
PGRFA material, seed production and availability as well as cultivation. The research de-
scribed in this chapter was published as Lüttringhaus et al. (2021b). In summary, this the-
sis explores the effect of exchanging and adopting two categories of PGRFA as defined by 
Kell et al. (2017). The category domesticated or cultivated plant species is investigated in 
all chapters and the category plant breeders’ material is analyzed in Chapter 2.  

 
This thesis has a closer look at the genetic resources of two main staples in Germany and 
Peru: Winter wheat (Triticum aestivum) and potato (Solanum spp.). The former is ana-
lyzed in Lüttringhaus et al. (2020) and (2021a), while the latter is investigated in Lüttring-
haus et al. (2021b). Due to its production quantities and nutritional characteristics, these 
two crops are globally crucial for the food security of billions of people. Wheat provides 
about 20 % of global dietary calories and proteins (Shiferaw et al., 2013). The potato is 
the most important food crop for human consumption after rice and wheat. In comparison 
to other food crops, it has a high protein-calorie ratio and a short life cycle. Hence it pro-
duces more calories, protein, and dry matter content per unit (Singh et al., 2020).  

 
The elements of the PGRFA use system, PGRFA categories and crops mentioned above will 
be discussed in two very distinct, yet important agricultural systems for food production 
and security: Intensive winter wheat production in Germany (see Lüttringhaus et al., 2020 
and 2021a) and extensive smallholder potato production in the Peruvian highlands (see 
Lüttringhaus et al., 2021b). These production systems differ greatly regarding climate, 
agroecological conditions, farming practices, input use, political and economic frame-
works, as well as cultural embeddedness of the crop and seed system. Wheat is the most 
grown crop in Germany (FAOSTAT, 2021). The main wheat strain in Germany is winter 
wheat, which is cultivated on about 98 % of all wheat areas in the country (BMEL, 2021). 
There it is grown in rain fed systems (FAO, 2015), where high yields can be attained 
(BMEL, 2021, FAOSTAT, 2021), as it is a high potential production area due to its favora-
ble temperate climate with good precipitation levels. The crop is an important income 
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source for German farmers as high-quality wheat is the most profitable among cereals and 
it also is the most important agricultural export product in Germany (BMEL, 2019). Deci-
sion making is based on economic indicators, driven by demand of retailers and consum-
ers (FAO, 2015). A formal seed system supplies farmers with certified seeds of improved 
varieties created by professional breeders. 

 
The other agricultural system portrayed in this thesis is extensive smallholder farmers’ 
potato production in the Andean highlands in Peru. There an informal seed sector sup-
plies farmers mainly with farmer-selected landraces. As the potato crop originated in the 
Andean highlands (Vavilov, 1951), potato landraces have evolved for millennia under the 
pressure of selection, allowing adaptive evolution. Therefore, potato landraces are im-
portant for culinary diversity and traditions (FAO, 2016). Production is focused on food 
security as often (agricultural and labor) markets are not accessible or distorted.  
 
Despite their differences, both agricultural systems are important representatives of the 
global palette of agricultural production, as they do not only supply food, feed and other 
primary resources but also constitute cultural systems, which define farmers and the re-
gion where they grow their crops. Albeit the seed and agricultural systems are very dif-
ferent, both, improved varieties, and farmer-selected landraces, are a technology to sus-
tain and improve agricultural production. Hence, both systems rely on genetic resources 
that are locally adapted and fulfill specific requirements. Further, they maintain PGRFA 
for a certain time span, ranging from millennia or a season, and hence contribute, to 
different extent, to in situ conservation of PGRFA. 

 

1.13. Content of this thesis 
 
Concerning winter wheat production and breeding in Germany, the economic effect of ex-
changing and adopting plant genetic resources is investigated in two case studies (see 
Lüttringhaus et al., 2020; 2021a). The research presented in the second chapter of this 
thesis (see Lüttringhaus et al., 2020) is the first to describe different economic effects of 
plant breeding for one intensively managed crop with variety-specific historical data at 
the sectoral level. This allows to disentangle the causal effects of plant breeding on winter 
wheat production. So far, no study has quantitatively analyzed the economic impact of 
exchanging breeding material on the overall production of a crop in one country. Hence, 
this chapter constitutes a novelty because it investigates the sectoral effect of exchanging 
genetic resources in German winter wheat breeding. The sectoral impact is of particular 
interest as it shows how the free access to PGRFA at one segment of the agricultural value 
chain, breeding, affects overall wheat production. The breeders’ exemption enabling this 
free access, was designed to create positive effects for the overall economy and society, 
therefore the focus was set on the sectoral level. The effect is analyzed for the period be-
tween 1972 to 2018 and the research question “What is the economic impact of exchang-
ing breeding material on the overall German winter wheat production?” is answered by 
creating a novel data set that combines variety-specific pedigree and adoption 
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information, breeding-induced yield improvements and overall production levels. The 
chapter also aims to provide insights into the debate on the positive and negative effects 
of specific regulatory systems for plant variety protection. The results are based on a ped-
igree analysis to detect the extent to which breeding material was exchanged and an eco-
nomic surplus calculation to estimate the overall economic effect. The basis of this analy-
sis is field trial data of 133 old and new varieties, which were planted at the same time 
under the same conditions. Hence, we9 can disentangle the breeding-induced effects. 

 
The third chapter determines the microeconomic value of resistance breeding (see Lüt-
tringhaus et al., 2021a), an important aspect of winter wheat breeding in Germany. Re-
sistance breeding has created more resilient plants which are more resistant to pests and 
diseases. These efforts have also considerably reduced the required input use of plant 
protection while yield quantity and quality have increased (Voss-Fels et al., 2019; 
Lantican et al., 2016; Searchinger et al., 2014). Therefore, it is of great interest to disen-
tangle the microeconomic effects of resistance breeding, in particular breeding against 
fungal pathogens as they cause great losses. To this end, the here presented paper pro-
vides answers to the following research question: What has been the effect of breeding 
for fungal resistances on winter wheat gross margins in Germany in the last 50 years? 
This is the first comprehensive analysis of the microeconomic effect of resistance breed-
ing. In the literature the aspect of resistance breeding or productivity maintenance breed-
ing is often overlooked or subsumed under yield growth, even though analyses for inten-
sive cropping systems have concluded that the adoption of resistant varieties is a major, 
cost-efficient, effective, and ecological technology to control pathogens (Thompson et al., 
2014; Russell, 2013; Hysing et al., 2012; Wiik and Rosenqvist, 2010; Hogenboom, 1993). 
Exceptions include the studies by Nalley et al. (2010) and Marasas et al. (2003). To date 
studies on the economic effect of resistance breeding have focused on developing coun-
tries with extensive growing conditions (Lantican et al., 2016; Nalley et al., 2010; Dubin 
and Brennan, 2009; Dixon et al., 2006; Marasas et al., 2003; Smale et al., 1998). Further, 
prior analyses estimated the impact based on yield increases or foregone yield losses 
(Marasas et al.,2003), while chapter three of this thesis represents a more comprehensive 
analysis, including cost and revenue effects created through yield and quality levels as 
well as the application of inputs and their costs. We are the first to perform an economic 
analysis of resistance breeding with field-experimental data comprising of approximately 
180 old and new winter wheat cultivars that represents the most important German win-
ter wheat varieties of the last 50 years (Zetzsche et al., 2020; Voss-Fels et al., 2019; 
Zetzsche et al., 2019). This allows us to monetize the increase in resistances attributable 
to breeding, without any masking effects from other production factors and furthermore, 
we are not limited to a few pre-selected varieties. The analysis was carried out with a 
gross-margin estimation and subsequent multivariate regression analysis to quantify the 

                                                       
9 As this thesis is a cumulative dissertation, the chapters 2 to 4 contain other authors’ contributions. For this 
reason and also for an easier readability, I will use the pronoun “we” in this thesis to refer to me or all other 
researchers who have contributed to the here presented papers. 
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impact of resistance breeding on the microeconomic performance of different winter 
wheat varieties.  

 
The fourth chapter looks at contrasting agroecological systems with very different man-
agement conditions: extensive smallholder farmer agriculture in the Peruvian Andes (see 
Lüttringhaus et al., 2021b). In Peru locally adapted and also culturally embedded potato 
landraces play a crucial role. The research question of this chapter is: Which factors influ-
ence long-term survival of repatriated potatoes? Which changes and benefits are induced 
by repatriation? This chapter analyzes the two aspects explored above: exchanging and 
adopting genetic resources. Also, further PGRFA values, beyond the micro- or sectoral use 
value, are investigated (e.g., bequest value, existence value). Another aspect is integrated 
by not studying varieties which evolved in formalized breeding processes, as above, but 
landraces, which evolved in the crop’s center of origin (Vavilov, 1951) with farmers’ se-
lection and continued evolutionary adoption. The potato landraces are redistributed to 
Andean smallholder farming communities within the so-called repatriation program, 
which is implemented by the genebank of the International Potato Center; a research cen-
ter of the Consultative Group on International Agricultural Research (CGIAR) with head-
quarters in Lima, Peru. As the genebank (ex situ conservation) and Andean communities 
(in situ conservation or cultivation) exchange plant genetic resources, a dynamic ex-
change and conservation approach is created. So far, no comprehensive analysis of the 
repatriation program has been carried out, albeit CIP staff involved claim that tangible 
benefits have been created since the program started in 1997 (Ellis et al., 2020). Hence, 
the novelty of the fourth chapter is to systematically describe the repatriation program, 
the in situ conservation of the redistributed material and the induced benefits and 
changes. The study is the first to quantify the survival time of repatriated landraces among 
custodian farmers. Therefore, it contributes to closing the gap in empirical evidence of the 
effectiveness of on-farm conservation of landraces (Bellon et al., 2015). To analyze these 
aspects duration and benefit analyses were conducted using household survey data and 
genebank distribution data. 

 

1.14. Structure of this thesis 
 
The introduction above has described the broader context of the research presented in 
this thesis. The following three chapters present peer-reviewed and published articles ex-
ploring the economics of exchanging and adopting PGRFA. Chapter 2 presents the eco-
nomic effect of exchanging breeding material on German winter wheat production (see 
Lüttringhaus et al., 2020). The next chapter (Chapter 3) explores a specific aspect of win-
ter wheat breeding as it investigates the microeconomic effect of resistance breeding (see 
Lüttringhaus et al., 2021a). Chapter 4 moves away from intensive, commercial crop pro-
duction with improved varieties, and analyzes extensive sustenance production with po-
tato landraces in the Andean highlands. It describes the CIP repatriation program with the 
goal to redistribute potato landraces to smallholder farmers (see Lüttringhaus et al., 
2021b). Following these chapters, the research is discussed in the broader research 
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context, possible future research foci and data needs are described, and finally conclu-
sions are drawn in Chapter 5 and 6. 
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2.1. Abstract 
 
Climate change impacts imply that the stabilization and improvement of agricultural pro-
duction systems using technological innovations has become vital. Improvements in plant 
breeding are integral to such innovations. In the context of German crop breeding pro-
grams, the economic impact of exchanging genetic material has yet to be determined. To 
this end, we analyze in this impact assessment the economic effects on German winter 
wheat production that are attributable to exchanging parental material amongst breeders 
in the breeding process. This exchange is supported by the breeders’ exemption, which is 
an integral part of the German plant variety protection legislation. It ensures that breed-
ers can freely use licensed varieties created by other breeders for their own breeding ac-
tivities and aims to speed up the development of improved varieties. For our analysis, we 
created a unique data set that combines variety-specific grain yield, adoption, and pedi-
gree information of 133 winter wheat varieties. We determined the parental pedigree of 
each variety to see if a variety was created by interbreeding varieties that are internal or 
external to its specific breeder. Our study is the first that analyzes the economic impact of 
exchanging genetic material in German breeding programs. We found that more than 
90 % of the tested varieties were bred with exchanged parental material, whereby the 
majority had two external parents. Also, these varieties were planted on an 8.5 times 
larger area than the varieties that were bred with two internal parents. Due to lower 
adoption, these only contributed 11 % to the overall winter wheat production in Ger-
many, even though they yielded more. We used an economic surplus model to measure 
the benefits of exchanging parental breeding material on German winter wheat produc-
tion. This resulted in an overall estimated economic surplus of 19.2 to 22.0 billion EUR 
from production year 1972 to 2018. This implies tremendous returns to using the 
breeder’s exemption, which, from an economic perspective, is almost cost-free for the 
breeder. We conclude that the exchange of breeding material contributes to improving 
Germany’s agricultural production and fosters the development of climate-resilient pro-
duction systems and global food security. 

 

2.2. Introduction 
 

Wheat (Triticum aestivum) as a crop is vital for global food security. On a global scale, it 
provides about 20 % of dietary calories and proteins (Shiferaw et al., 2013). In 2017 Ger-
many was the tenth largest wheat producer in the world (FAOSTAT, 2020), representing 
a high potential production area for wheat due to its favorable and temperate climate as 
well as good agronomic practices. The main wheat strain grown in Germany is winter 
wheat, which is grown on about 98 % of all wheat areas in the country (BMEL, 2020). The 
crop is an important income source for German farmers as high-quality wheat is the most 
profitable among cereals and is the most important agricultural export product in Ger-
many (BMEL, 2019). 
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Plant breeding has contributed considerably to the nutritional and economic importance 
of the crop, because modern cultivars provide higher yields and better quality as well as 
improved resistances and tolerances to abiotic and biotic stresses (Voss-Fels et al., 2019; 
Lantican et al., 2016; Searchinger et al., 2014). A large part of the innovation in breeding 
is claimed to be attributable to the vast pool of genetic resources that breeders can tap 
into to create new varieties (Hoisington et al., 1999).  

 
Around the globe, the access to genetic resources is governed by various national legisla-
tions. In Germany plant variety protection is coupled with the breeder’s exemption that 
allows breeders to use released varieties created by other breeders to create new varie-
ties in their breeding programs without costs. This creates an “open-source system” ena-
bling breeders to access external varieties. Thanks to the breeder’s exemption, breeders 
can efficiently access a vaster pool of genetic resources that includes the newest varieties. 
The purpose of the breeder’s exemption is to enable and accelerate the breeding progress 
for the benefit of the society (UPOV, 1991) as well as broaden and actively conserve (in 
situ) plant genetic material. Furthermore, it is designed to enable a faster supply of high-
yielding and sturdy varieties (UPOV, 1991) that can improve the income of farmers and 
other stakeholders along the wheat value chain (Lantican et al., 2016; Lotze-Campen et 
al., 2015). In systems without the breeder’s exemption, this access could be restricted by 
the owner of certain material and/or more costly (Byerlee and Dubin, 2009). A criticism 
of the breeder’s exemption is that other breeders can freely use innovations of other 
breeders and hence could reduce the marketability of the original variety by improving it 
(Heald and Chapman, 2012).  

 
In the scientific literature there is a debate on the positive and negative effects of specific 
regulatory systems for plant variety protection. Heald and Chapman (2012) state that nei-
ther the diversity loss theory, i.e. that patent systems contribute to a loss in intra- and 
inter-specific diversity, nor the incentive-to-invent theory, i.e. that patent systems create 
a greater and faster stream of innovations, are supported by their data when analyzing 
the impacts of patent systems on crop diversity. Eaton (2002) claims that a reduced access 
to plant genetic material can trigger market concentration, prohibitive prices, and de-
crease diversity. To the best of our knowledge, the economic impact of sharing genetic 
material on the overall production of winter wheat in Germany or another world region 
has not been quantitatively analyzed so far.  

 
This paper seeks to provide insights to this debate. We explore to what extent the sharing 
of genetic material that is enabled by the breeder’s exemption has contributed to an in-
creased breeding success. In this assessment, we analyze if interbreeding with external 
parent material created benefits for winter wheat production in Germany. This research 
question is answered by creating a novel data set that combines variety-specific pedigree 
information with breeding-induced improvements. Here, we focus on the effect on grain 
yield, as this agronomic trait is very important for overall wheat production.  
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In this article, we present the used data sets in the first step (section 2.3). In the next step 
we describe the methodology (2.4), where we first describe how we derive the pedigree 
information and group the varieties according to their share of external parent material 
(sub-section 2.4.1). Then we explain the variables that are created to derive the economic 
surplus of sharing parent material (2.4.2) and lastly present the scenarios for the assess-
ment (2.4.3). Subsequently, the results are presented (2.5) and discussed (2.6). The article 
concludes with final remarks (2.7). 

 

2.3. Data 
 
For our analysis we use three main data sets. The first one is a field trial data set on the 
phenotypic trait grain yield of winter wheat cultivars. The research consortium Breeding 
Innovations in Wheat for Resilient Cropping Systems (BRIWECS) generated the data set by 
multi-location and multi-year field trials with 191 winter wheat cultivars that were regis-
tered in Germany between 1966 and 2013. Varieties that were bred in the German Dem-
ocratic Republic (GDR) are not considered in our analysis, as they were bred under a dif-
ferent system of plant variety protection and breeding as well as the overall economy was 
centrally regulated (Brandl, 2018). Main field trials were conducted in six locations during 
the growing seasons 2014-2015 and 2015-2016, with at least two replications and three 
different intensity levels of nitrogen fertilization and plant protection (for a detailed de-
scription of the trials and the data analysis see Voss-Fels et al., 2019). The goal of the trials 
was to measure the genetic improvement induced by breeding over time. For our analysis, 
we use the observational data of the variable grain yield under the high input treatment 
level that represents the standard input use under intensive wheat production conditions 
in Germany (applying 220 kg N ha-1 and the full recommended intensity of fungicides, 
insecticides, and growth regulators).  

 
The second data set contains the variety-specific multiplication area for seed production 
of German winter wheat varieties from 1971 to 2017. It was compiled by Kempf (2019) 
and originated from the publicly available data published in the German Federal Plant 
Variety Office’s descriptive variety lists (Federal Plant Variety Office, various years). It 
serves to approximate the variety-specific area planted as also conducted in similar stud-
ies such as Lotze-Campen et al. (2015). The multiplication area can also be employed to 
compare the market importance of varieties, i.e., which variety was reproduced and hence 
planted more or less than others. The extent of the multiplication area on which a variety 
is reproduced in one year provides insights into the extent to which farmers plant a spe-
cific variety the next year. Also, no comprehensive data is available on the variety-specific 
planted area.  
 
The third data set contains the variety-specific pedigree information, i.e., the names of the 
breeders that bred the maternal and paternal varieties. Section 2.4.1 explains how we 
generated it. 
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2.4. Methods: Disentangling the economic impact of exchanging genetic re-
sources 

 
To quantify the economic benefits to German winter wheat production that are attribut-
able to the exchange of breeding material, we conduct several steps. First, we pursue a 
pedigree analysis for all varieties within the data set by grouping them according to the 
extent of genetic material exchange that was used to create them (see step 2.4.1). Then 
we establish four variables to compare the groups (2.4.2). We also define two scenarios 
to simulate German winter wheat breeding with different extents of material exchange 
and additionally create an economic surplus to monetize these scenarios (2.4.3).  

2.4.1. Pedigree analysis and grouping 
The purpose of the first step is to determine to what extent breeders exchanged genetic 
resources when breeding each variety and accordingly group these varieties. For each va-
riety, we determined the parents and their respective breeders. Here, three steps were 
necessary. First, we generated a pedigree data set with information from the Genetic Re-
sources Information System for Wheat and Triticale (GRIS) (Martynov et al., 2017), which 
is maintained by the International Maize and Wheat Improvement Center (CIMMYT) and 
the N. I. Vavilov Research Institute of Plant Industry (http://www.wheatpedigree.net/). 
Second, this data set was validated with pedigree information from the Federal Associa-
tion of German Plant Breeders (Bundesverband deutscher Pflanzenzüchter). In that man-
ner, we were able to generate 133 comparable entries with enough pedigree information. 
These make up 70 % of the cultivars planted in the field trials.  

 
Third, we checked, if a variety’s breeder interbred with external material from other 
breeders to create that specific variety. To this end, we compared each variety’s breeder 
name with those of the two parental breeders. When the names were similar, the parental 
line was considered as an internal variety. If this was not the case, we labeled the parent 
as external. Parental lines created via multiple crosses with at least one external variety 
were also labeled as external, even though the breeder of a variety produced the cross. 
We followed this approach as it provides a clear cut between internal and external paren-
tal material, which is fundamental for our analysis. We are aware that especially during 
the 1990’s many German breeding companies were consolidated and hence along with 
the breeders, breeding programs, wheat crosses and knowledge were assimilated into 
other companies. On this account we assume that the material of a breeder that was later 
integrated into another company, is external to that company when the interbreeding 
took place after the consolidation.  
Consequently, all varieties are assigned to three groups according to the extent of ex-
change in parent materials that took place to create a new variety: 

• Group 2E comprises all varieties for which the breeder used two external parents. 
Both, mother, and father are from another breeder, 

• Group 1E means that one parental line is from another breeder than the progeny. 
Hence, father or mother material was exchanged with other breeders, 
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• Group E combines both groups defined above and hence represents both groups 
whose varieties were created with exchanged parent material during the breeding 
process, 

• Group 0E includes all varieties where breeders did not exchange parental material 
for the variety creation. Hence, the same breeder developed both, the parents as 
well as the progeny.  

2.4.2. Variable creation and group comparison 
In this step, we define the variables that are necessary to compare the groups: grain yield, 
multiplication area, weighted grain yield and group production. 
The group comparison is validated with the non-parametric pairwise Wilcoxon rank sum 
test, which best suits the number of data points and does not assume known distributions. 

Grain yield 
The phenotypic trait grain yield (dt ha-1) is available from the field trial data set. We con-
centrate on this trait because it is considered the priority of breeders, as it is crucial for a 
varieties’ market success, and also a major determinant for overall production levels, food 
security and farmers’ income.  

Multiplication area 
The variety-specific multiplication area (in ha) is available from 1971 to 2017 for varieties 
bred in the Federal Republic of Germany and later in reunified Germany (Kempf, 2019). 
As we are interested in the extent of farmers’ adoption among varieties, the multiplication 
area serves as a proxy for the extent to which farmers planted certain varieties (farmers’ 
adoption). Like the variety-specific planted area, the multiplication area in year 𝑡𝑡 reflects 
the area share planted with a certain variety in year 𝑡𝑡 + 1, only at another scale. 

 
About 50 % of winter wheat seeds in Germany are farmer-saved (Kate and Laird, 2020), 
i.e. farmers replant seeds from a specific wheat variety that they have produced them-
selves in a previous year. We assume that the share of farmer-saved seeds is equal across 
all varieties. 

Weighted grain yield 
With this variable we weigh the grain yield of each variety with its economic on-field im-
portance. This gives more weight to those varieties with higher market penetration or 
multiplication area. Therefore, we create the variable weighted grain yield (𝑊𝑊𝑊𝑊) that 
weighs the yield by the respective variety-specific multiplication area and thus delivers a 
group yield average that considers varieties’ adoption and yield within a group.  

 
For this purpose, we take the observations on grain yield for each variety 𝑣𝑣 (𝑊𝑊𝑣𝑣) and then 
multiply it with the respective multiplication area 𝑀𝑀𝑣𝑣,𝑡𝑡−1 in multiplication year  
𝑡𝑡 − 1 (1971 – 2017), to account for the one-year time lag between multiplication and pro-
duction. This creates a timeline and is done for every group 𝑔𝑔 (2E, 1E, 0E). To derive the 
average weighted yield of a group in production year 𝑡𝑡 (𝑊𝑊𝑊𝑊𝑔𝑔,𝑡𝑡), we then divide the numer-
ator by the sum of all varieties’ multiplication area that belong to one group:  
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(1) 

𝑊𝑊𝑊𝑊𝑔𝑔,𝑡𝑡 =
� �𝑀𝑀𝑣𝑣,𝑡𝑡−1 · 𝑊𝑊𝑣𝑣�

𝑉𝑉
𝑣𝑣=1
∑ 𝑀𝑀𝑣𝑣,𝑡𝑡−1
𝑉𝑉
𝑣𝑣=1

 

 
With  
𝑊𝑊𝑊𝑊𝑔𝑔,𝑡𝑡- Average weighted yield (dt ha-1) of each group 𝑔𝑔 (𝑔𝑔 = 1 …𝐺𝐺), i.e., 2E, 1E, 0E, and 
each production year 𝑡𝑡, 
𝑀𝑀𝑣𝑣,𝑡𝑡−1- Multiplication area (ha) of variety 𝑣𝑣 in multiplication year 𝑡𝑡 − 1 (one year prior to 
the production year 𝑡𝑡), 

vY - Average grain yield (dt ha-1) of each variety 𝑣𝑣 (𝑣𝑣 = 1, …𝑉𝑉), whereby 𝑣𝑣 ∈g. 
 
In that manner, we compare all varieties that competed for market success in one year. 
This method reflects the preferences of farmers and considers that at the beginning of our 
time series less varieties were on the market.  

Group production 
The group production (𝑄𝑄) calculates how much production each group contributes each 
year to the overall winter wheat production in Germany as given by Eurostat (2020, 
2019). To this end, we divide each group’s production in a particular production year by 
the production of all groups, and then relate this share to the overall produced winter 
wheat quantity that year. 
 

(2) 𝑄𝑄𝑔𝑔,𝑡𝑡 =
𝑊𝑊𝑊𝑊𝑔𝑔,𝑡𝑡  ·  𝑀𝑀𝑔𝑔,𝑡𝑡−1

∑ 𝑊𝑊𝑊𝑊𝑔𝑔,𝑡𝑡  ·  𝑀𝑀𝑔𝑔,𝑡𝑡−1
𝐺𝐺
𝑔𝑔=1

· 𝑄𝑄𝐺𝐺𝐺𝐺𝐺𝐺,𝑡𝑡 

 
With  
𝑄𝑄𝑔𝑔,𝑡𝑡- Yearly group production (million t) produced by the varieties of each group 𝑔𝑔 given 
the total winter wheat production quantity in Germany in production year 𝑡𝑡, 
𝑀𝑀𝑔𝑔,𝑡𝑡−1- Sum of the multiplication area (ha) for all varieties that belong to one group g and 
in multiplication year 𝑡𝑡 − 1, 
𝑄𝑄𝐺𝐺𝐺𝐺𝐺𝐺,𝑡𝑡- Winter wheat production quantity (million t) in Germany in year 𝑡𝑡. 

2.4.3. Scenario definition and economic surplus model 
The goal of our analysis is to calculate whether the exchange of breeding material – or in 
other words the use of external parent material – generates an economic benefit in the 
German winter wheat production system. The use of protected varieties by breeders, 
hence exchanging genetic resources, is enabled by the breeder’s exemption, which is one 
pillar of the German and European plant variety protection. The German winter wheat 
breeding system is unique due to that regime, its market structure (mainly constituted of 
small and medium private enterprises), climatic conditions and demand requirements. As 
national seed markets and accompanying regulatory frameworks are highly diverse 
around the globe, it is difficult to compare the German system to a similarly structured 
seed sector and agriculture system without the exemption. Hence, we pursue a pairwise 
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comparison of the four groups defined in sub-section 2.4.1. In Germany, breeders occa-
sionally have bilateral agreements to access varieties and crosses of other breeders before 
they are officially released to accelerate the long breeding process. We assume that the 
existence of these agreements has no impact on the overall result, as all breeders have the 
possibility to establish contracts and most breeders are small- and medium-sized enter-
prises. 

 
For the assessment, we define two scenarios to monetize the impact of exchanging paren-
tal breeding material on winter wheat production in Germany. Both scenarios describe 
ex-post how the system would have differed with a limited exchange between breeders.  
 
Scenario I: In this scenario we compare the varieties of group 2E, hence those with the 
maximum amount of parental exchange, with those of group 0E, which have no external 
parent.  
 
Scenario II: Due to limited implementation of the breeder’s exemption, we assume that 
the exchange of parental material was prevented. Therefore, no varieties of groups 2E and 
1E were planted in Germany, as these two groups are only possible when breeders can 
exchange material. We will use the joint group E to analyze this scenario, where German 
winter wheat production entirely depends on 0E-varieties that require no external paren-
tal breeding material.  

Group production according to scenarios 
Scenario I: To calculate how things would have changed if no 2E-varieties but instead 0E-
varieties had been planted, we calculate the same as in equation (2), but substitute in the 
numerator the weighted yield of group 2E with the weighted yield of group 0E. The pro-
duction quantity of scenario I 𝑄𝑄𝑆𝑆1,𝑡𝑡 defined in equation (3), quantifies how much 0E-vari-
eties would have produced if they had been planted on the area that was assigned to 2E-
varieties. 
 

(3) 𝑄𝑄𝑆𝑆1,𝑡𝑡 =
𝑊𝑊𝑊𝑊0𝐸𝐸,𝑡𝑡  ·  𝑀𝑀2𝐸𝐸,𝑡𝑡−1

∑ 𝑊𝑊𝑊𝑊𝑔𝑔,𝑡𝑡  ·  𝑀𝑀𝑔𝑔,𝑡𝑡−1
𝐺𝐺
𝑔𝑔=1

· 𝑄𝑄𝐺𝐺𝐺𝐺𝐺𝐺,𝑡𝑡 

 
Scenario II: Accordingly, this is done for scenario II, where we calculate what would have 
been produced with 0E-varieties on the area of group E (𝑄𝑄𝑆𝑆2,𝑡𝑡), which combines 2E and 
1E. According to these scenarios the production of a certain group can be zero in a certain 
production year if no varieties of that group were multiplied in a previous year. 
 

Economic surplus model 
The benefits to German winter wheat production attributed to the exchange of parental 
material are estimated with an economic surplus model. Such a surplus model allows us 
to translate physical yield differences between the status quo and scenarios into mone-
tary terms. Also, other similar studies such as Bernal-Galeano et al. (2020) and Lantican 
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et al. (2016) took this approach to monetize the impact of specific varieties or contribu-
tions to crop pedigrees. The economic surplus quantifies the value of additional produc-
tion that is attributable to exchanging parental material in the breeding process. To derive 
the time series of economic surpluses for scenario I 𝐸𝐸𝐸𝐸𝑆𝑆1,𝑡𝑡, the annual production shifts 
�𝑄𝑄2𝐸𝐸,𝑡𝑡 − 𝑄𝑄𝑆𝑆1,𝑡𝑡� are multiplied with corresponding prices 𝑝𝑝𝑡𝑡 for each production year: 
 

(4) 𝐸𝐸𝐸𝐸𝑆𝑆1,𝑡𝑡 = �𝑄𝑄2𝐸𝐸,𝑡𝑡 − 𝑄𝑄𝑆𝑆1,𝑡𝑡�  ·  𝑝𝑝𝑡𝑡 
 

The same is done for scenario II: 
 

(5) 𝐸𝐸𝐸𝐸𝑆𝑆2,𝑡𝑡 = �𝑄𝑄𝐸𝐸,𝑡𝑡 − 𝑄𝑄𝑆𝑆2,𝑡𝑡�  ·  𝑝𝑝𝑡𝑡 
 

The time series for the winter wheat prices is derived by matching the producer price 
index for bread wheat running from 1972 to 2018 (Destatis, 2019) with the reference 
wheat price from FAOSTAT (2020). Using this data, we receive annual economic surpluses 
in real prices. 

2.5. Results  

2.5.1. Extent of parent material exchange and use of the breeder’s exemp-
tion 

After grouping the varieties, the descriptive analysis shows that most varieties were bred 
by exchanging genetic material with other breeders (see Table 1). Together, groups 2E 
and 1E make up more than 90 % of the data set. Group 2E constitutes 61 % (n= 81 varie-
ties) and hence most of the analyzed German winter wheat varieties belong to this group. 
Group 0E contains only 12 varieties (9 %).  
 
Table 1: Distribution of varieties per group, source: authors’ calculations. 

Group Number of varieties per group Percentage (%) 
2E 81 61 
1E 40 30 
0E 12 9 
Total 133 100 

 

2.5.2. Differences between groups 
In the following we present the performance of each group considering the variables de-
fined above. 

Grain yield 
The descriptive analysis of the three groups shows that the unweighted grain yield is high-
est in group 0E (see Table 2). The Wilcoxon rank sum test shows that at α=0.01, the dif-
ference in means between all groups are significantly different from 0 (see Annex I Table 
4 to Table 6 for the p-values of the test for all variables). In addition to this result, a time 
bias can be noted with respect to the average yield for 0E-varieties. 0E-varieties were not 
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available for multiplication in the years 1971-72, 74 and 83-90. Since a variety’s year of 
release considerably explains its yield level due to the breeding progress, the average for 
0E-varieties in Table 2 is larger. This is because the value for 0E-varieties includes less 
varieties that were released in the beginning of our observation period than the values 
for 1E- and 2E-varieties. This effect is covered by the variable weighted grain yield.  

Multiplication area 
On average, group 2E was more multiplied than group 1E and 0E. Figure 1 shows the de-
velopment of the multiplication area per group over time. It strikes that for eleven years 
(1971-72, 74, 83-90) no 0E-variety of our data set was multiplied After a small peak in 
the mid 1970’s, only in 1991 0E-varieties are multiplied again. 
 
Table 2: Overview of groups’ yearly averages per variable from production year 1972 to 2018, source: authors’ calculations. 

Variable 2E 1E E 
(2E and 1E) 

0E 

Grain yield (dt ha-1)           80.5            81.2                  80.8            82.3 
Multiplication area (ha)   18,218.5      9,764.2          13,991.4      3,035.9 
Weighted yield (dt ha-1)           80.2            76.3                  79.1            60.7 
Group production (million t)             9.1               5.3                  14.5              1.7 

 

 
Figure 1: Development of multiplication area per group over time, source: authors’ calculations. 

 

Weighted grain yield  
When looking at Table 2, it strikes that the group ranking for weighted yield is reverse 
compared to the results for the variable (unweighted) grain yield. This is because on av-
erage the 0E-varieties were less multiplied than the other group’s varieties and hence had 
less market penetration. In some years even no 0E-varieties of our dataset were multi-
plied. The weighted yield is highest for group 2E, followed by group 1E and 0E. 
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Figure 2 shows the development of the weighted yield over the years. It becomes apparent 
that the weighted yield of all groups has a positive upward trend. In mid-2000, the differ-
ences between groups diminishes up until 2010 were it spreads out again. In some years, 
the weighted yield of group 0E exceeds that of the other groups while in other years no 
0E-varieties of our data set have been multiplied. 
 

 
Figure 2: Development of the weighted yield over time. For a better readability of the graph, the line of group 0E is not 
represented when there were no 0E-varieties that were planted according to our data set, source: authors’ calculations. 

 

Group production 
The group production quantities are identically ranked to the results of the multiplication 
area. According to our calculations, 2E-varieties have produced the largest share of over-
all German winter wheat production (57 %), followed by group 1E (33 %) and then group 
0E (11 %). 

2.5.3. Production shifts and economic surplus 
In both scenarios, 1E-varieties and the combined group of E-varieties created a positive 
production shift and also a positive economic surplus (see equation (4) and (5)) that is 
attributed to the exchange of parental breeding in the winter wheat breeding process. 
Over the period, the cumulative physical production shift of exchanging material amounts 
to 102.6 (scenario I) and 116.3 (scenario II) million t (see Table 7, Annex II). These quan-
tities represent about 15 % of the German winter wheat production in the given period.  

 
When monetized with the economic surplus model, these physical production shifts 
amount to 19.2 billion EUR in scenario I and accumulated over the whole time from pro-
duction year 1972 to 2018. On average a yearly surplus of 0.4 billion EUR was achieved. 
For scenario II, the sum of the economic surplus over the whole period is 21.9 billion EUR, 
while the yearly average totals 0.5 billion EUR. 
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The economic surplus from production year 1972 to 2018 is displayed in Figure 3, the 
physical production shift follows the same curve progression. It clearly shows that the 
observed use of external parental breeding material, enabled by an unlimited and free 
exchange that is realized by the breeder’s exemption, created an economic surplus. Figure 
3 shows that for most years the economic surpluses were small in comparison to the 
surges of specific years: In most years the surplus of scenario I ranged between 3.2 and 
119.4 million EUR and between 6.5 and 169.0 million EUR for scenario II. In some years, 
the use of 2E- and E-varieties produced a small negative economic surplus. For scenario I 
it was negative in 1992 and from 2003-2008. The average economic surplus in these years 
was -15.9 million EUR. Due to the lower performance and adoption of 1E-varieties in com-
parison with 2E-varieties, for scenario II the surplus is negative from 1992-1994 and 
2002-2011, and averages -27.6 million EUR. The surges in the economic surplus occur, 
when 2E- and 1E-varieties were adopted on larger areas than 0E-varieties. We can see a 
small surge from 1972 to 1975 and a large one from 1984 to 1991. The surges occurred 
after years when no 0E-varieties were multiplied. This means, that the group production 
of 0E-varieties was zero during these years. 

 
The outcome of both scenarios is quite similar as 2E-varieties created the largest shifts 
within group E. We chose these two scenarios to show the effect of using varieties that 
were created with the “double” use of the breeder’s exemption (2E) with those of the com-
bined group E that describes all varieties that were created with exchanged parental ma-
terial. 
 

 
Figure 3: Economic surplus attributed to exchanging parental material in the winter wheat breeding process, source: au-
thors’ calculations. 
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2.6. Discussion 
 
To the best of our knowledge this is the first research paper that analyzes the extent to 
which external parental breeding material is used in German winter wheat breeding and 
the attributed economic surplus. We created a unique and novel data set that combines, 
for the first time, winter wheat varieties’ pedigree information with their yield trait and 
individual market penetration. Our pedigree analysis revealed that more than 90 % of all 
German winter wheat varieties that were planted between 1972 and 2018 have at least 
one external parent. Hence, the work of breeders and a large part of the German wheat 
production relies on the genetic exchange enabled by the breeder’s exemption. Between 
1972 and 2018, an economic surplus was generated that accumulates to 19.2 to 22.0 bil-
lion Euros. According to our analysis this surplus was driven by the large share of varieties 
bred with external parents within Germany’s portfolio of winter wheat varieties, farmers’ 
greater adoption compared to those without external parents, and relatively high wheat 
prices in the 1980s when much more varieties were planted that were bred with external 
parental material.  

 
The breeder’s exemption provides full and free access to those varieties that are released. 
Louwaars (2019, p. 1), describes that the breeder’s exemption is an example for the “open 
innovation character of the plant breeder’s rights system” that prevails in Germany. With-
out that exemption breeders would need bilateral cooperation agreements or had to op-
erate in regimes with patented varieties or variety traits. This would entail higher trans-
action costs and increase varietal development costs (Louwaars, 2019; Evenson and 
Santaniello, 2006), reduce the freedom to operate (Byerlee and Dubin, 2009) and might 
also increase breeding times. Owners of certain material could prohibit its use for other 
breeders and concentration processes could follow to create larger internal gene pools 
(Brandl, 2018; Eaton, 2002). Our data analysis shows that it is common for breeders to 
use external parents. In this manner, the genetic variation of crosses is enlarged, and the 
variability of outcomes increases. Matching two external parents or combining it with in-
ternal material helps to introduce genetically diverse material, hence creating varieties 
that are superior to their predecessors. Another reason for the large use of external ma-
terial might be the fact that prior to the first crosses, breeders have more knowledge about 
the positive traits of an external variety than of less desired traits, as they have for their 
own breeding germplasm.  

 
The results (see Table 2) show that group 0E has a yield advantage when comparing the 
unweighted grain yield. The yield performance ranking turns around when looking at the 
results for weighted yield, because on average varieties that were bred by exchanging pa-
rental material (groups 2E and 1E) were adopted on larger areas. But why did multipliers 
and farmers choose lower yielding varieties over higher yielding varieties? At first glance 
this might seem irrational, but farmers choose varieties based on their specific set of 
traits, which includes grain yield, but also resistances and tolerances to biotic and abiotic 
stresses, quality group, agronomic traits, previous experiences with the variety and per-
sonal preferences. Farmers’ choices are also influenced by seed availability which 
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depends on the seeds offered by retailers and local agricultural cooperatives, and the rec-
ommendations by consulting businesses. Nevertheless, farmers’ preferences are reflected 
in their buying decisions (in particular in the longer-term perspective) and hence affect 
breeders and their future breeding strategies. Also, there is a high competition amongst 
German winter wheat breeders as the market consists of many small and medium, and 
also large enterprises. So, we can speculate that farmers adopted 2E- and 1E-varities 
based on their unique set of traits which were conducive for the specific production con-
ditions and purposes. Nevertheless, yield can be seen as a general performance indicator 
as other traits such as drought tolerance are mirrored in it. When a variety does not per-
form well under drought stress its yield will also reduce. Also, breeders’ market power 
can influence adoption. But the 0E-varieties in our data set were released by a very het-
erogenous group of small to large sized breeding companies. Hence one cannot attribute 
the higher adoption rate by the breeders’ market power or advantages regarding multi-
plication areas and marketing conditions. Moreover, due to fact that 0E-varieties in our 
data set were more common in years of registration later than 1990, it could be presumed 
that their yield advantage is due to the attested breeding progress (Voss-Fels et al., 2019). 
The varieties belonging to the groups 2E and 1E cover a longer registration period, hence 
the average of their unweighted grain yields was influenced by varieties released in the 
1960’s and 1970’s with lower yield potentials. In our view, the most important reason for 
the superior unweighted grain yield performance of 0E-varieties is that two very success-
ful varieties are within this group. These two varieties were largely adopted amongst Ger-
man winter wheat farmers. Also, the other varieties in the group might have performed 
better under our trial environment (2015-2018) then under the environment following 
their release year. In that time after a variety’s release, farmers might have not preferred 
them due to disease susceptibility. 

 
This adoption advantages can be scaled up to the overall winter wheat production in Ger-
many. The group production shows that the use of 2E- and 1E-varieties has produced the 
largest share of German winter wheat production since the 1970s. Again, this can be ex-
plained by a larger adoption rate of 2E- and 1E-varieties and by the fact that more than 
90 % of all winter wheat varieties in our data set belong to these groups. Also, the eco-
nomic surplus and thus the monetized impact of using varieties with external parent ma-
terial is large when using weighted grain yield as an indicator. 

 
We use the multiplication area to include variety adoption of farmers in our analysis. The 
multiplication is the only variety-specific and long-term data available to measure adop-
tion of winter wheat varieties. On average our data set with the complete pedigree makes 
up 66 % of the overall German multiplication area used for winter wheat (see Figure 4 in 
Annex III). 

 
A direct comparison of our results with the literature requires broadening the research 
question, looking at more geographical areas and including the economic impact of gen-
eral agricultural research and development (R&D). There are no other detailed studies on 
the economic impact of sharing parental material in Germany and so far no other paper 
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has quantitatively analyzed the impact of sharing genetic material on the overall produc-
tion of winter wheat in Germany or any other region. Byerlee and Dubin (2009) note that 
that there are no quantitative evaluations on how plant variety rights and patenting affect 
germplasm flows in the breeding cycle. This paper contributes to filling this research gap. 
With our unique data set we can comprehend the inflow of external parental material to 
winter wheat breeding programs and hence provide a first evaluation of the impact of the 
breeder’s exemption on winter wheat production in Germany. Most papers within this 
thematic area concentrate on the loss of plant genetic resources for agriculture and limits 
to their access as well as international collaboration to exchange these (see e.g., Ogwu, et 
al., 2014; McCouch, 2013; Day-Rubenstein et al., 2005; Esquinas-Alcázar, 2005). Further-
more, most of these studies concentrate on low- and middle-income countries, whereas 
our study explores a high-income country. In the field of agricultural sciences, the 
breeder’s exemption is not a research focus. Outside the field, the exemption and its inno-
vation and competition character have been more often analyzed from disciplines such as 
law (e.g., Heald and Chapman, 2012), sociology (e.g., Brandl, 2018) as well as general eco-
nomics (e.g., Koo et al., 2006). 

 
Some studies also estimate the impact of wheat breeding research on different agricul-
tural economic indicators such as monetized yield increases or forgone yield decreases as 
well as price changes due to supply changes (see Lantican et al., 2016; Byerlee and Dubin, 
2009; Marasas et al., 2004; Evenson and Rosegrant, 2003; Heisey et al., 2002; Byerlee and 
Traxler, 1995). Our economic surplus estimates are lower than those estimates of the 
listed studies, as they calculated the impact of overall breeding, not only the exchange of 
parental material. Further, they focused on developing countries in the global South, 
whereas this study is limited to German winter wheat breeding. In Germany, systematic 
wheat breeding and production with improved varieties has been present since centuries. 
Moreover, the above-mentioned studies focus on other wheat strains than winter wheats. 
Additionally, in contrast to existing studies, we did not include the effect’s repercussions 
on other breeding systems in similar agricultural environments due to the scope of our 
study and the available data. 

 
Given the rapid changes and high interannual fluctuations in agronomic conditions due to 
aggravating climate change, one could suggest that breeders who have access to a broader 
gene pool can create better-adapted varieties as they have a larger working basis. The use 
of external material offers the opportunity to use more variable genetic resources that 
have important traits for climate change adaptation (Searchinger et al., 2014). To advance 
the progress of yield and other traits, breeders can further exploit the large pool of genetic 
resources of released varieties, landraces and wild relatives, if they have access to it 
(Fischer et al., 2014). Sharing genetic material helped yield progress, but it has become 
more difficult due to barriers by international treaties, governments without full infor-
mation, and interests from the private sector (Fischer et al., 2014). 

 
We estimate the benefits of exchanging genetic resources by the yield gain that is attribut-
able to wheat breeding (see Voss-Fels et al., 2019). We must reiterate that the presented 
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results are derived by an ex-post assessment. Because of this, market shifts, that might 
have occurred if the restrictions laid out in the scenarios had been implemented in the 
1970s, are not included. Based on our scenarios, farmers could have only selected and 
planted 0E-varieties. Hence, breeders would have adjusted their breeding approaches. In 
those years when our data set shows a zero production of 0E-varieties, as no such varie-
ties were multiplied, farmers could have planted a (second-best) winter wheat 0E-variety 
or switched to another crop or land use. The variety-specific multiplication area shows 
that farmers have only limitedly planted 0E-varieties despite their availability and higher 
yields in some years. 

 
Further research in this area should enhance and increase the data base regarding the 
exchange of genetic material in German winter wheat breeding. To prevent the problem 
of incomplete pedigrees, future work could use other proxies for the breeder’s exemption 
or the exchange of genetic resources. Moreover, focus groups with breeders could provide 
additional insights in the way the breeders use the exemption and into the questions of 
which practical hurdles breeders must overcome to exchange material.  

 

2.7. Conclusion  
 
The results of this assessment show that the use of other breeders’ varieties, enabled by 
the breeder’s exemption, was standard in German winter wheat breeding for those vari-
eties that were planted between 1972 and 2018. This shows that the exchange is a crucial 
part of the work carried out by breeders. The breeder’s exemption ensures that breeders 
can access a large pool of genetic material and create a larger effective population size as 
a basis for their breeding activities. While varieties that were created without exchange 
had a superior unweighted yield, those varieties created with exchange had an advantage 
when weighing the yield by farmers’ adoption. This discrepancy between weighted and 
unweighted grain yield shows that farmers’ preferences are based on multiple factors. 
Thereby yield is one important factor, but also resistances and tolerances to abiotic and 
biotic stresses and for example farmers’ previous experiences play a crucial role. We con-
centrated on grain yield as it can be seen as a general performance indicator that also 
mirrors other traits and hence is also important for breeders.  
 
The extent of adoption was measured by the variety-specific multiplication area. The 
yearly average of the multiplication area of those varieties with two external parents was 
seven times as big, the area of those varieties with one external parent four times as big 
as the area of those varieties with no external parents. The higher adoption-rate trans-
lated into higher group production: group 2E contributed five times, and group 1E three 
times more to overall German winter wheat production. From an economic perspective 
the breeder’s exemption has zero costs, nevertheless it generated a positive economic 
surplus. Translating these differences in farmers’ adoption or market penetration into 
monetary terms, an economic surplus of 19.2 to 22.0 billion Euros was generated from 
1972 to 2018 by exchanging parental breeding material. 
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These insights can also guide decision making in other institutional or agro-climatic envi-
ronments, as we investigated the impact of exchanging genetic resources in a system 
where breeders have the freedom of choice to access a large genetic gene pool. The neces-
sity and use of the breeder’s exemption are debated in Europe, in particular in comparison 
to patent-systems. To the best of our knowledge, the benefit of exchanging breeding ma-
terial in German winter wheat breeding has not been quantified by agricultural econo-
mists. Hence, our work, that analyzes the most grown crop in Germany, can provide a 
data-based insight to this debate. We performed a pedigree analysis for German winter 
wheat varieties and set up scenarios to quantify if a system with limited exchange would 
have generated other production quantities. Agricultural production is under pressure 
from multiple sides. Therefore, it needs to become more sustainable with less impacts on 
the environment and climate. Our research has shown that market penetration was 
higher for those varieties with external parents. This shows that breeders’ access to a 
wide gene pool is an important prerequisite for a sustainable agriculture that feeds the 
world under climate change in the future.  
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Annex I 
 
Table 3: Pairwise comparisons using Wilcoxon rank sum test for the variable grain yield (p-values), 
 source: authors’ calculations. 

Group 2E 1E E 
1E 3.90E-07 

  

0E 9.90E-12 2.10E-04 1.50E-09 
 
Table 4: Pairwise comparisons using Wilcoxon rank sum test for the variable multiplication area (p-values),  
source: authors’ calculations. 

 Group 2E 1E E 
1E < 2E-16     
0E 1.30E-01 < 2e-16 1.60E-05 

 
Table 5: Pairwise comparisons using Wilcoxon rank sum test for the variable weighted yield (p-values), 
source: authors’ calculations. 

 Group 2E 1E E 
1E 3.70E-03     
0E 6.08E-02 9.88E-01 1.55E-01 

 
Table 6: Pairwise comparisons using Wilcoxon rank sum test for the variable group production (p-values),  
source: authors’ calculations. 

 Group 2E 1E E 
1E 3.30E-05     
0E 2.00E-15 3.30E-05 3.90E-16 
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Annex II 
 
Table 7: Scenario-induced production shifts and economic surplus over time, source: authors’ calculations. 

Year of  
production 

Induced production shift  
(million t) 

 Economic surplus  
(million EUR) 

Scenario I Scenario II  Scenario I Scenario II 
1972 2.8 5.9  491.8 1,041.6 
1973 3.7 6.2  667.8 1,128.2 
1974 0.2 0.2  36.1 34.7 
1975 4.1 5.6  853.4 1,178.1 
1976 0.2 0.2  48.7 52.6 
1977 0.2 0.2  54.0 55.8 
1978 0.3 0.3  64.7 65.1 
1979 0.3 0.3  74.9 73.2 
1980 0.4 0.4  91.8 90.8 
1981 0.5 0.5  107.9 106.7 
1982 0.4 0.4  95.6 93.7 
1983 0.5 0.5  119.4 118.3 
1984 9.3 9.8  2,123.8 2,246.2 
1985 8.6 9.4  1,774.5 1,938.6 
1986 8.4 10.0  1,727.1 2,047.7 
1987 8.0 9.6  1,609.8 1,916.7 
1988 10.2 11.5  1,874.1 2,122.0 
1989 9.8 10.7  1,733.9 1,903.9 
1990 13.6 15.0  2,300.7 2,531.8 
1991 14.5 16.2  2,423.7 2,701.3 
1992 -0.4 -0.5  -58.0 -84.9 
1993 0.1 -0.1  9.7 -11.4 
1994 0.2 0.0  23.3 -1.8 
1995 0.5 0.3  63.3 43.0 
1996 0.4 0.3  57.0 37.3 
1997 0.5 0.5  57.7 55.3 
1998 1.0 1.5  106.3 169.0 
1999 0.4 0.7  49.3 73.8 
2000 0.3 0.3  29.3 33.5 
2001 0.4 0.1  38.8 7.8 
2002 0.2 -0.1  16.4 -10.3 
2003 -0.1 -0.4  -10.5 -39.1 
2004 -0.1 -0.4  -15.8 -46.1 
2005 -0.1 -0.3  -7.6 -27.0 
2006 -0.1 -0.3  -9.8 -33.1 
2007 0.0 -0.2  -7.0 -36.1 
2008 0.0 -0.2  -3.0 -31.9 
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2009 0.0 -0.1  3.2 -10.0 
2010 0.1 0.0  13.4 -6.0 
2011 0.1 -0.1  22.1 -20.5 
2012 0.2 0.0  49.4 6.5 
2013 0.4 0.2  75.7 38.9 
2014 0.6 0.5  97.7 76.9 
2015 0.5 0.5  81.9 70.0 
2016 0.5 0.4  69.0 60.7 
2017 0.5 0.4  78.6 64.2 
2018 0.7 0.6  112.8 99.9 
      
Sum 102.6 116.3  19,217.1 21,925.3 
Average 2.2 2.5  408.9 466.5 
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Annex III 
 

 
Figure 4: Development of the overall winter wheat multiplication area from 1971 to 2017 in Germany and the area of all 
varieties in the analyzed data set with full pedigree information, source: Own calculations with data from Kempf (2019). 
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3.1. Abstract 
 
Improved wheat varieties have ameliorated our food production. Intensive cropping sys-
tems as in Germany achieve very high grain yields and thus contribute greatly to global 
food security. As diseases, especially fungal pathogens, pose major threats in winter 
wheat production, disease management is crucial to uphold high production levels and 
avoid economic losses. Yet, the economic value of breeding varieties with increased re-
sistances to fungal pathogens, has not been analyzed with comprehensive data. Our anal-
ysis fills this gap by quantifying the economic effects of 50 years of resistance breeding 
for winter wheat production in Germany. Based on field trials and agronomic production 
data, we analyze how resistances have influenced the crops’ economic profitability. 
Thereby we can isolate the pure breeding-induced effects of increased resistances to fun-
gal pathogens, which cause leaf and stripe rust, powdery mildew, and Fusarium head 
blight. We calculated the gross margins of 176 varieties according to nitrogen and fungi-
cide applications in field trials. Regression models show that resistance breeding had a 
strong positive and statistically significant effect on varieties’ gross margins. In compari-
son, the specific meta-environment of the season had a larger effect, whilst the effect of 
high nitrogen as well as fungicide treatments was lower. The gross margin increased over 
time along with higher resistances. Simultaneously, the difference in gross margins be-
tween the fungicide-treated and untreated variants decreased, indicating an increased 
contribution of resistances to yield stability. Resistances have increased gross margins 
greatly, as varieties’ health levels remain high without the need for fungicide applications 
and thus production costs can be saved. We conclude that resistance breeding has in-
creased the economic profitability and sustainability of crop production due to a reduc-
tion of the costs for fungicides. On farmers’ fields, these positive effects of resistance 
breeding can be fully realized by an optimal variety choice and a variety- and situation-
specific disease management. Such an agronomic practice would not only further improve 
winter wheat gross margins, but also mitigate some of the pressures on agricultural pro-
duction such as reduced disease management options and adverse climate change im-
pacts. 

 

3.2. Introduction 
 
Global pressures such as climate change and population growth require that agricultural 
production must increase with less negative environmental and climatic effects. Globally, 
winter wheat is one of the main crops for food security (Shiferaw et al., 2013) and in Ger-
many it is the most grown crop, producing very high yields in intensive production sys-
tems (BMEL, 2021; FAOSTAT, 2021). Such an intensification of agriculture has effects on 
the environment and land use. Due to the potential production losses by pests and dis-
eases (Savary et al., 2019), plant protection chemicals are part of winter wheat manage-
ment. Therefore, the production of wheat has a special importance regarding the imple-
mentation of integrated plant protection. Also, there are political and societal pressures 
to reduce the use of synthetic plant protection for this crop. A most recent incorporation 
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of these pressures is the strategy From Farm to Fork, which is a cornerstone of the Euro-
pean Green Deal, released recently by the European Union. It states that by 2030, chemical 
pesticides shall be reduced by 50 %. Also, the German National Action Plan on Sustainable 
Use of Plant Protection Products wants to reduce plant protection applications to the nec-
essary minimum that secures an economic cultivation of crops. Due to these reasons, it 
can be expected that the spectrum and quantity of available substances for plant protec-
tion, will be strongly reduced in the future (Schwarz et al., 2018) and this will have great 
effects on managing pathogens.  

 
Crop resistances also play a crucial role for disease management. Plant breeders con-
stantly develop newer and better varieties to assure or increase agricultural production 
and safeguard our food security. Plant breeding has upheld and improved winter wheat 
production even under reduced input conditions (Voss-Fels et al., 2019). It is well under-
stood that a large determinant in the rise of yield levels in Germany was genetic gains by 
plant breeding and that this breeding-induced yield increase is not stagnating (Zetzsche 
et al., 2020; Voss-Fels et al., 2019; Laidig et al., 2014; Ahlemeyer and Friedt, 2010). New 
varieties have accumulated genetic variants with beneficial effects on important yield en-
hancing traits such as nutrient use and photosynthetic efficiency as well as disease re-
sistance (Voss-Fels et al., 2019; Zetzsche et al., 2019;). Over time, variety aging decreases 
the yield ability of varieties and is mainly induced by a steady breakdown of resistances 
due to pathogen evolution (Fischer et al., 2014; Laidig et al., 2014; Piepho et al., 2014; 
Mackay et al., 2011). Therefore, continued breeding for resistances is the key to uphold or 
increase yield quantities and qualities.  

 
Among the diseases causing losses in winter wheat production, pathogenic fungi are very 
dominant (Simón et al., 2021; Russell, 2013). Consequently, fungicides are the most used 
category of plant protection products in winter wheat production systems in Germany, 
regarding application rate and treatment frequency (Roßberg, 2016). Single fungal path-
ogens can cause yield losses of up to 70 % in susceptible varieties (Zetzsche et al., 2020). 
In recent decades, the use of fungicides and the increasing cultivation of resistant varieties 
have prevented devastating epidemics in Europe (Figueroa et al., 2018; Singh et al., 2016; 
Dubin and Brennan, 2009; Hovmøller and Justesen, 2007), while genetic resistances are 
said to be the most effective and sustainable approach (Ghimire et al., 2020). In the history 
of breeding, genetic resistances against rusts and powdery mildew have been most suc-
cessful (Singh and Rajaram, 2002). Resistant varieties as part of an integrated disease 
management can contribute to reducing the use of chemical-synthetic plant protection 
(Schwarz et al., 2018). In Germany, contrary to the continuously increasing resistance lev-
els of new varieties, the treatment frequency and intensity of fungicides augmented 
slightly over time between 2011 and 2017, a trend that was influenced by disease-pro-
moting weather conditions and by a focus of producers on yield protection (Kehlenbeck, 
2018, Roßberg, 2016).  

 
Given this background it is vital to better understand the economic effect of varieties’ in-
creased resistance to fungal pathogens. According to Marasas et al. (2003) and Nalley et 
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al. (2010) research that analyzes the economic impacts of breeding programs often over-
looks the important aspect of breeding for resistances, that has the goal to maintain high 
yields and quality levels. In addition, a large part of the research that addresses the subject 
focuses on the impact of specific breeding programs in developing countries, where culti-
vation is less intensive (Lantican et al., 2016; Nalley et al., 2010; Dubin and Brennan, 2009; 
Dixon et al., 2006; Marasas et al., 2003; Smale et al., 1998). Also, analyses for intensive 
cropping systems have found that the cultivation of resistant varieties is a major, cost-
efficient, effective, and ecological technology to control diseases (Thompson et al., 2014; 
Russell, 2013; Hysing et al., 2012; Wiik and Rosenqvist, 2010; Hogenboom, 1993; Clifford 
and Lester, 1988). Nevertheless, the breeding of resistant varieties and further the exploi-
tation of these resistances in practice poses difficulties due to potential risk aversion, in-
sufficient information on the variety, high inter- and intra-annual variability in disease 
pressures and other factors (Russell, 2013; Te Beest et al., 2013; Clifford and Lester, 
1988). Yet, Hogenboom (1993) anticipates that new innovations in resistance breeding 
will increase the economic value of this method to manage diseases. Due to limited vari-
ety-specific data availability and trials, these analyses face the difficulty to approximate 
the pure breeding effect on yield and other parameters as well as the resulting economic 
impacts. In Germany, the economic assessment of different cropping systems with a spe-
cial focus on disease resistance, measured the economic effect of a small set of selected 
winter wheat varieties and showed that resistant varieties have a high potential to reduce 
fungicide applications and consequently reduce costs (Kehlenbeck and Rajmis, 2018; 
Klocke et al., 2018; Rajmis and Kehlenbeck, 2018; Sommerfeldt, 2018). 

 
To the best of our knowledge, so far there is no microeconomic transformation of variety-
specific resistances, purely induced by breeding, in a region where wheat is grown inten-
sively, such as in Germany. Our research aims to contribute to closing this research gap 
by answering the following question: In the last 50 years, what has been the effect of re-
sistance breeding on winter wheat gross margins in Germany? We chose Germany as a 
representative country in central Europe where winter wheat dominates and achieves 
very high yields (BMEL, 2021) due to good soils, sufficient precipitation, and moderate 
winters. Moreover, winter wheat breeding for this target environment is also quite inten-
sive and competitive. We are the first to perform an economic analysis of resistance 
breeding with field-experimental data comprising approx. 180 old and new varieties cul-
tivars that represent the most important German winter wheat varieties of the last 50 
years (Zetzsche et al., 2020; Voss-Fels et al., 2019). This allows us to monetize the sole 
breeding-induced effect of increased resistances, without any masking effects from other 
production factors, and also reduces statistical bias which can arise when only a few pre-
selected varieties are analyzed. 

 
Based on the trial data we can compare varieties’ performance in treatments with and 
without fungicide applications, and with the help of the latter, we can deduct the impact 
of resistance breeding. We hypothesize that under treatments without fungicides, re-
sistant varieties achieve higher yields than less resistant varieties, as they withstand the 
fungal pathogens without external disease management whilst maintaining yield quantity 
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and quality. Consequently, we assume that varietal resistances increase gross margins in 
winter wheat productions, as they secure or increase yields, in the absence of fungicide 
applications, who are costly due to their product and application costs.  

 
To test these hypotheses, we estimate variety-specific gross margins, and then employ a 
regression and post-estimation analyses. These methods and underlying data are ex-
plained in section 3.3. In section 3.4 we describe the results which are discussed in section 
3.5.  

 

3.3. Material and methods 

3.3.1. Data 
The data for this analysis derived from several sources. The main subset is based on field 
trials comprising a large set of winter wheat varieties (n=176). These varieties represent 
the German breeding progress of the past 50 years, as they were released from 1966 to 
2013 and were selected based on their economic and agronomic importance for German 
winter wheat production (Zetzsche et al., 2020). In field trials, old and new varieties were 
grown simultaneously in seasons 2014/2015, 2015/2016 and 2016/2017 in two replica-
tions per treatment.  

 
Across trial years and replications, all cultivars were treated with four different combina-
tions of nitrogen and fungicide treatments: low nitrogen, no fungicide; low nitrogen 
(110 kg N ha−1), with fungicide; high nitrogen (220 kg N ha−1), no fungicide; and high ni-
trogen, with fungicide. Table 1 shows the fungicide applications for those treatments 
where fungicides where applied. The dosages represent the full amount that can be ap-
plied according to manufactures’ specifications. 
 
Table 1: Details on fungicide applications for all treatments with fungicides for 2015 – 2017, source: authors’ calculations 
based on Zetzsche et al. (2020). 

Number of applications Quantity Fungicide 
1st 2.0 l/ha Capalo1) 
2nd 2.0 l/ha Adexar2),3) 
3rd 1.0 l/ha Prosaro4) 

 

1) For wheat production in Germany, the fungicide Capalo is approved for the following pathogens relevant 
in this study: leaf rust and powdery mildew. 

 

2)For wheat production in Germany, the fungicide Adexar is approved for the following pathogens relevant 
in this study: leaf and stripe rust, as well as powdery mildew. 

 

3)In 2016 the second application also contained the fungicide Vegas with 0.15 l/ha. 
 

4)For wheat production in Germany, the fungicide Prosaro is approved for the following pathogens relevant 
in this study: leaf and stripe rust, powdery mildew, and Fusarium head blight. 

 
The plots with low nitrogen treatment had a target quantity of 110 kg N ha-1 and those 
with high nitrogen 220 kg N ha−1. The high soil quality at the trial location retained high 
nitrogen levels and the quantities applied were adjusted based on the available 
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mineralized nitrogen in the plot soils (for more details see Zetzsche et al., 2020 and sup-
plements of Voss-Fels et al., 2019).  

 
Hence, the field trial data is a balanced panel data set. The trials were conducted on the 
experimental fields of the German Federal Research Centre for Cultivated Plants (JKI) in 
central Germany near the city of Quedlinburg located in the Federal State Saxony-Anhalt 
(51.7694 N, 11.147 E, 140 m altitude). It is an area with very good soils, the soil type is 
Chernozem with a silty loam texture and a long-term average annual precipitation of 497 
mm per year (Zetzsche et al., 2020). But the trial years had above average temperatures 
(+ 1.3 °C) and an average annual precipitation deficit of 29 mm (Zetzsche et al., 2020). In 
comparison to the longtime mean, drought periods occurred in spring and early summer 
in trial years 2015 and 2017 as well as during the winter 2016/17 (Zetzsche et al., 2020). 
During the trial years, variety-specific phenotypic data were collected on e.g., grain yield, 
protein content and varieties’ susceptibility to fungal pathogens. This field trial data rep-
resents a unique data set which enables us to compare the performance of many varieties 
with different years of release under the same conditions and it also allows us to single 
out the effect of breeding and more particular resistance breeding on variety perfor-
mance.  
 
To analyze the fungal diseases stripe and leaf rust, and Fusarium head blight, plants were 
artificially inoculated to create a high disease pressure. High abundance of the powdery 
mildew pathogen led to spontaneous natural infection. Afterwards, the infected plant area 
was estimated as the share of diseased leaf or spike area in relation to the overall leaf or 
spike area up to four times per season in the untreated trial plots. Based on these obser-
vations, the area under the disease progress curve (AUDPC) was computed and the aver-
age ordinate (AO) was subsequently calculated for each disease and variety (Zetzsche et 
al., 2020). For our analysis it is important to note, that the sub-trials treated with fungi-
cides were not monitored for their susceptibility to fungal pathogens due to very low in-
festation rates (Zetzsche et al., 2020). Thus, it is assumed that they are pathogen-free, 
therefore their disease scores were set to 0 in our data set. 
 
Based on this treatment information, we calculated the costs for the pure fungicide and 
nitrogen products and their application costs. First, we calculated the specific fungicide 
product costs based on prices from a large agricultural retailer and the nitrogen costs 
based on the Kuratorium für Technik und Bauwesen in der Landwirtschaft e.V. (KTBL) 
(2020). Second, the application costs were added also based on KTBL (2020). These in-
clude the costs for labor, diesel, repairs, and farm supplies. These application costs were 
matched with the corresponding quantities and frequencies of the trial set up. No diesel 
costs were saved by applying several types of plant protection in one ride, as fungicides 
were applied separately.  
 
The third subset for the economic estimation contains the producer wheat price, which is 
composed of two different elements: base price and markup or markdown for a variety’s 
quality group. The base price is derived by matching the producer price index for bread 
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wheat (DESTATIS, 2019) with the reference wheat price from FAOSTAT (2020). Then, us-
ing the field trial data and the GRIS database (Martynov et al., 2017), we added the quality 
group of each variety to assign the corresponding markup or markdown. To derive a flat-
rate surcharge or deduction according to the quality group, we calculated a 3-year aver-
age of the different quality group prices (Agrarzeitung, 2020) and then created a premium 
factor to combine it with the bread wheat base price. After matching all three data sets 
(trial data, costs, and prices), we generated a data set with 176 varieties over three years 
that have complete information for our economic analyses. With all three data sets we 
create a multidimensional data set, representing winter wheat gross margins per variety, 
trial year, replication within this trial year and treatment. 

3.3.2. Methods 
To conduct this multidisciplinary research, we combined the fields of agricultural eco-
nomics, agronomy, and plant breeding. 

Gross margin calculation 
To determine the economic profitability of certain production methods or work steps, the 
gross margin is a standard indicator in farm economics (KTBL, 2020; LfL, 2021; Mußhoff 
and Hirschauer, 2020), which is also used in other analyses to assess the economic prof-
itability of specific winter wheat varieties (Kehlenbeck and Rajmis, 2018). We established 
a gross margin by calculating the revenue which would have been generated if the winter 
wheat harvest of the field trials had been sold, and then subtracted the costs for nitrogen 
and fungicide applications (product and application costs) from the revenue (see equa-
tion 1). Due to the field trial setup, we assumed that all other gross margin influencing 
factors were constant across varieties, treatments, replications, and trial years.  
 
The gross margin is calculated as follows: 

 
(1) 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑚𝑚𝑚𝑚𝐺𝐺𝑔𝑔𝑚𝑚𝑚𝑚𝑣𝑣,𝑡𝑡,𝐺𝐺,𝑎𝑎,𝑞𝑞

=  (Y𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣,𝑡𝑡,𝐺𝐺,𝑎𝑎 ∙ 𝑃𝑃𝐺𝐺𝑚𝑚𝑃𝑃𝑖𝑖𝑞𝑞,𝑡𝑡) − 𝑁𝑁𝑚𝑚𝑡𝑡𝐺𝐺𝐺𝐺𝑔𝑔𝑖𝑖𝑚𝑚 𝑃𝑃𝐺𝐺𝐺𝐺𝑡𝑡𝐺𝐺𝑡𝑡,𝑎𝑎 − 𝐹𝐹𝐹𝐹𝑚𝑚𝑔𝑔𝑚𝑚𝑃𝑃𝑚𝑚𝑖𝑖𝑖𝑖 𝑃𝑃𝐺𝐺𝐺𝐺𝑡𝑡𝐺𝐺𝑡𝑡,𝑎𝑎 
 
Where the 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑚𝑚𝑚𝑚𝐺𝐺𝑔𝑔𝑚𝑚𝑚𝑚𝑣𝑣,𝑡𝑡,𝐺𝐺,𝑎𝑎,𝑞𝑞 represents the economic profitability for a specific vari-
ety v in a specific trial year t, repetition r and for treatment variant a. Also, 𝑦𝑦𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖 depends 
on these indices. As explained in the data section, the winter wheat producer price 
(𝑝𝑝𝐺𝐺𝑚𝑚𝑃𝑃𝑖𝑖𝑞𝑞,𝑡𝑡) varies with a variety’s quality group q and also the production year which are 
in our case the trial years t. While the nitrogen costs (𝑁𝑁𝑚𝑚𝑡𝑡𝐺𝐺𝐺𝐺𝑔𝑔𝑖𝑖𝑚𝑚 𝑃𝑃𝐺𝐺𝐺𝐺𝑡𝑡𝐺𝐺𝑡𝑡,𝑎𝑎) and fungicides 
costs (𝐹𝐹𝐹𝐹𝑚𝑚𝑔𝑔𝑚𝑚𝑃𝑃𝑚𝑚𝑖𝑖𝑖𝑖 𝑃𝑃𝐺𝐺𝐺𝐺𝑡𝑡𝐺𝐺𝑡𝑡,𝑎𝑎) differ by trial year t and treatment variant a. 

Regression model 
To determine how the efforts of the last five decades of resistance breeding in winter 
wheat have influenced the gross margin of the crop, we applied a regression model with 
multidimensional data. The regression model allows us to single out the effects of re-
sistance breeding and validate their robustness when other gross margin influencing fac-
tors are introduced. The dependent variable of all models is the gross margin as defined 
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in Equation (1), because our primary research interest is to detect the effect of varieties’ 
resistances on their economic performance or profitability.  

 
As we want to detect the impact of breeding-induced resistances, the first group of inde-
pendent variables, represents resistance breeding. This group contains the year of release 
and resistance variables. The variable Year of release shows how the gross margin 
changed over time with increased breeding progress (Zetzsche et al., 2020; Voss-Fels et 
al., 2019; Zetzsche et al., 2019; Cormier et al., 2016). An important aspect of winter wheat 
breeding is increasing varieties’ resistances to fungal pathogens. During the field trial the 
most important fungal diseases were examined (stripe and leaf rust, powdery mildew, 
and Fusarium head blight). The resistance variables in the model were measured by sub-
tracting the diseased leaf or spike area from the overall leaf area; hence they quantify the 
non-diseased or resistant area. These variables Rusts resistance, Powdery mildew re-
sistance and Fusarium resistances show the effect of resistance breeding on gross margins 
when plants are infected with the most damaging pathogens of winter wheat production 
(Carmona et al., 2020; Figlan et al., 2020; Ghimire et al., 2020). For this study we combined 
the rust diseases to one variable Rusts resistances as these two diseases sequentially oc-
cupy a very similar ecological niche and have a similar effect on grain yield (Zetzsche et 
al., 2020). The full regression model is defined in Equation (2). We call the regression 
model Core model when we only look at these resistance breeding variables and set the 
coefficients of all other variable categories (𝛽𝛽5 𝑡𝑡𝐺𝐺 𝛽𝛽7) to zero. We hypothesize that re-
sistance breeding had a positive effect on the crops’ gross margin, as it secures high grain 
yield quantities as well as quality, which are important factors to calculate the microeco-
nomic indicator. The next group of independent variables are variables for agronomic 
management. According to standard calculators and literature, the gross margin is 
strongly influenced by the costs of agronomic management practices and the related in-
puts such as fertilizers and fungicides and the labor and machinery costs for applying 
these (KTBL, 2020; Mußhoff and Hirschauer, 2020). Research shows that these inputs ex-
plain about half (49 %) of the total actual wheat yield volatility in Germany (Albers et al., 
2017). Therefore, we added the variables Fungicide application and High nitrogen. Ac-
cording to the field trial, we can distinguish between data points with and without fungi-
cide applications, as well as those with high and low nitrogen dosage. The remaining man-
agement was the same across varieties, treatments, and replications. The two variables 
are dummy variables. Hence, Fungicide application takes the value 1 when fungicides are 
applied, and 0 when not. The variable High nitrogen is 1 when a high dosage of nitrogen 
was applied, and 0 for a low dosage. When inputs were applied, their product and appli-
cation costs are included in our model. This model is named Core model + agronomic man-
agement, where 𝛽𝛽7, the coefficient for the Trial years is set to zero. We hypothesize that 
high nitrogen and fungicide treatments will have a negative effect on the gross margin, as 
they also imply high costs. These input costs are not necessarily compensated for by 
higher yields secured with fungicide applications, as modern varieties can maintain high 
yield levels without such applications. Also, we hypothesize that under treatments with-
out fungicides, resistant varieties achieve higher yields than less resistant varieties, as 
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they withstand the fungal pathogens without external disease management whilst main-
taining yield quantity and quality.  
 
Apart from the above-mentioned determinants, the gross margin is heavily influenced by 
the specific growing conditions during the respective growing season. Albers et al. (2017) 
estimated that 43 % of the total actual wheat yield volatility is driven by weather. And as 
yield is one major determinant of the dependent variable, Gross margin, the growing con-
ditions must be included. To this end, we included the variable Trial year in the model. 
Due to the field trial set up, the management and input quantities were the same for each 
treatment and year. Hence the variable Trial year measured the different growing condi-
tions during the three trial years. The results will show the effect of trial year 2015 and 
2017 in comparison to the reference year 2016, as this year had the least drought condi-
tions among all three trial years. This model is termed Core model + trial year, where 
𝛽𝛽5 𝑚𝑚𝑚𝑚𝑖𝑖 𝛽𝛽6 are set to zero. 
 
Further a Full model is run, it includes all variable categories: resistance breeding, agro-
nomic management, and the trial year. Equation (2) defines the regression model with all 
variable categories and Table 2 summarizes all dependent and independent variables.  

 
(2) 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑚𝑚𝑚𝑚𝐺𝐺𝑔𝑔𝑚𝑚𝑚𝑚𝑣𝑣,𝑡𝑡,𝐺𝐺,𝑎𝑎,𝑞𝑞 = 

∝  + 𝛽𝛽1𝑊𝑊𝑖𝑖𝑚𝑚𝐺𝐺 𝐺𝐺𝑜𝑜 𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑚𝑚𝐺𝐺𝑖𝑖𝑣𝑣
+ 𝛽𝛽2𝑅𝑅𝐹𝐹𝐺𝐺𝑡𝑡𝐺𝐺 𝐺𝐺𝑖𝑖𝐺𝐺𝑚𝑚𝐺𝐺𝑡𝑡𝑚𝑚𝑚𝑚𝑃𝑃𝑖𝑖𝑣𝑣,𝑡𝑡,𝐺𝐺,𝑎𝑎 + 𝛽𝛽3𝑃𝑃𝐺𝐺𝑃𝑃𝑖𝑖𝑖𝑖𝐺𝐺𝑦𝑦 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃 𝐺𝐺𝑖𝑖𝐺𝐺𝑚𝑚𝐺𝐺𝑡𝑡𝑚𝑚𝑚𝑚𝑃𝑃𝑖𝑖𝑣𝑣,𝑡𝑡,𝐺𝐺,𝑎𝑎  
+ 𝛽𝛽4Fusarium 𝐺𝐺𝑖𝑖𝐺𝐺𝑚𝑚𝐺𝐺𝑡𝑡𝑚𝑚𝑚𝑚𝑃𝑃𝑖𝑖𝑣𝑣,𝑡𝑡,𝐺𝐺,𝑎𝑎 + 𝛽𝛽5𝐻𝐻𝑚𝑚𝑔𝑔ℎ 𝑚𝑚𝑚𝑚𝑡𝑡𝐺𝐺𝐺𝐺𝑔𝑔𝑖𝑖𝑚𝑚𝑡𝑡,𝐺𝐺,𝑎𝑎

+ 𝛽𝛽6Fungicide application𝑡𝑡,𝐺𝐺,𝑎𝑎 + 𝛽𝛽7𝑇𝑇𝐺𝐺𝑚𝑚𝑚𝑚𝑖𝑖 𝑊𝑊𝑖𝑖𝑚𝑚𝐺𝐺 + ε 
 

With ∝ representing the intercept parameter and ε the error or disturbance term, con-
taining unobserved factors. 
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Table 2: Variables within the regression model, source: authors’ calculations. 

Variables Definition Mean Std. 
dev. 

DEPENDENT VARIABLE 
 
Gross margin Gross margin of each variety, trial year and 

replication in EUR per ha 
 

  836.26 234.45 

INDEPENDENT VARIABLES 
 
Resistance breeding 
Year of release Year in which a variety was released by the 

German Federal Plant Variety Office 
 

1998.75    
13.52 

Rusts resistance Healthy leaf area, which is not diseased with 
stripe nor leaf rust in % 
 

     92.61      8.59 

Powdery mildew  
resistance 

Healthy leaf area, which is not diseased with 
powdery mildew in % 
 

     97.52      3.46 

Fusarium resistance Healthy spike area, which is not diseased 
with Fusarium head blight in %  
 

     98.72      1.80 

Agronomic management 
High nitrogen  Dummy variable, 1 if the variety was treated 

with high nitrogen applications, 0 for all 
those data points that were generated with 
low nitrogen applications.  
 

       0.50  

Fungicide  
application 

Dummy variable, 1 if the variety was treated 
with fungicide applications, 0 for all data 
points with no fungicide application during 
the trial.  
 

       0.50  

Trial years 
Trial year Factor variable with three levels (2015, 

2016 and 2017); in the results section, the 
effects for trial years 2015 and 2017 will be 
given in reference to trial year 2016 

2016.00  
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In the result section we describe for all regression models, the resulting coefficients, 
which quantify the direction and size of each variable’s effect on the gross margin. To 
show the absolute effects of the variables, a non-standardized version of the regression 
results is presented. And to compare the effect size of differently scaled variables, addi-
tionally standardized results are presented. This provides a better understanding of 
which variables have the largest impact on the economic benefits of resistance breeding. 
We also show the prediction accuracy or estimation performance for each model with the 
R2, nevertheless the focus of this research is not to best predict a gross margin, but to 
quantify the effects of resistance breeding on the gross margin and this effect is best de-
scribed with the regression coefficients. Further we verify if the model assumptions are 
met. 
 
The compiled data set for the regressions can also be treated as panel data. Here we de-
fined panel data as two-dimensional with observations for the same panel subjects (vari-
eties) over time (trial years). Therefore, several tests were run to choose the best fitting 
model with fixed, random, or pooled effects for panel data regressions (Torres-Reyna, 
2010; Croissant and Millo, 2008). The Breusch-Pagan Lagrange Multiplier analysis indi-
cated that random effects have no advantage for our analysis, hence we can run a linear 
regression with pooled effects (Torres-Reyna, 2010). A linear regression also better fits 
our data which is multi-dimensional, because there are not only observations for the di-
mensions varieties and trial years, but also for the further dimensions treatment and rep-
lications. 

Post-estimation analyses 
To further show the effects of resistance breeding, post estimation analyses were con-
ducted. These provide a general overview of how the gross margin changed over time. 
While the regression shows the effects of independent variables on single varieties, this 
section describes the effects of resistance breeding with data aggregated across the dif-
ferent fungicide and nitrogen treatments as well as resistance levels. These resistance lev-
els will be expressed as leaf and spike health index. Like the resistance variables, these 
health indices measure the plant’s percentage of healthy leaf or spike area. The leaf health 
index gives the proportion of leaf area, which is not infected with stripe or leaf rust, as 
well as powdery mildew. The spike health gives the proportion not infected with 
Fusarium head blight in percent. A low index includes all plant health values up to the first 
quantile, medium are all values between the first quantile and the average, and high are 
all values above average.  
 
Further, a specific subset of 18 winter wheat varieties was selected, which represents 
prominent varieties in Germany with different levels of resistances to fungal diseases. We 
define all varieties with an average leaf health index of under 80 % as susceptible and 
those with a higher health index as resistant. Under the high nitrogen treatment, we cal-
culated several indicators for the selected varieties. The indicators measure variety traits 
which are important for varieties’ profitability and farmers’ adoption decisions (grain 
yield, protein content, gross margin, leaf, and spike health). This aggregation is a helpful 
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overview for practitioners, agronomists, and breeders when they want to examine the 
performance of specific varieties. 

 

3.4. Results: Effect of resistance breeding on winter wheat gross margins 

3.4.1. Disentangling the effect of resistance breeding on the gross margin 
To see the economic effect of resistance breeding, a core and several validation regres-
sions were estimated. The (non-standardized) regression results show that all variables 
measuring resistance breeding have a positive and statistically significant impact on the 
gross margin (Table 3 and Figure 1). In the core model, all resistance breeding variables, 
Year of release, Fusarium resistance, Rusts resistance and Powdery mildew resistance have 
a positive impact on the dependent variables. The coefficient of the variable Year of release 
is 4.87 and indicates that on average, the gross margin increases by 4.87 EUR ha-1 when 
the year of release increases by one year. This means that the gross margin increases by 
about 5 EUR ha-1 when a variety is chosen, which is one year younger. Hence an annual 
microeconomic progress is created. The forest plot (Figure 1) provides a graphical sum-
mary of all model results. It displays that the described effect direction and size of the first 
four variables, those that represent resistance breeding, remain stable across models. 
Hence, we can conclude that the validation models validate the effect of resistance breed-
ing on the gross margin. 

 
The standardized regression results allow us to compare more easily the effect sizes 
amongst differently scaled variables (Table 4 and Figure 2). Across models, the effect of 
the Year of release is as large as the effect size of the Rusts and Fusarium resistances. In-
creased Powdery mildew resistance had a positive but small effect. The effects of High ni-
trogen and Fungicide applications are lower than the effects of the four variables that rep-
resent resistance breeding, while the effect of the Trial year (weather effect) is larger. In 
summary, all models let us observe a positive interaction of the resistance breeding vari-
ables with the variety-specific gross margin outcomes. 
 
The prediction performance of the models, measured with the R2, ranges from 0.22 to 0.45 
(see Table 3). For example, the independent variables of the core model explain 22 % of 
the variance in the dependent variable. The predictive power increases when adding 
other variables in the validation models. Several validation models were run along with 
model diagnostics to test the regression assumptions. Also, the linear regression model 
assumptions were tested and graphically displayed (Figure 5). According to the Durbin-
Watson test, residuals are not autocorrelated. Further the variance in errors is constant 
(homoscedasticity). Normal distribution of residuals was tested with the Shapiro-Wilk 
test, which rejected the null hypothesis, but histograms show nearly normally distributed 
residuals. In combination with the unchanged results of the validation models, we con-
clude that the rejection of one test does not distort the regression parameters. 
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Table 3: Coefficients (standard errors) of the non-standardized regression models with gross margin as the dependent 
variable (significance codes: *** p < 0.001, ** p < 0.01), source: authors’ calculations. 

Independent  
variables  

Core model Core model + 
agronomic 

management 
variables 

Core model+ 
trial year var-

iables 

Full model 
with all  
variable  

categories 
Intercept -11,441.64*** 

(524.26) +  
-11,661.13*** 

(518.66)* 
-12,397.97*** 

(449.65) +  
-12,367.66*** 

(445.26)*   
Resistance breeding 

Year of release 4.87*** 
(0.25)+    

4.36***  
(0.25)+     

4.98***  
(0.21)+     

4.80***  
(0.22)+     

Rusts resistance 5.37*** 
 (0.58)+ 

9.09*** 
 (0.76)+ 

2.54*** 
 (0.51)+ 

4.06*** 
 (0.66)+ 

Powdery mildew  
resistance 

5.22*** 
 (1.39)+ 

8.21*** 
(1.44)+ 

5.63*** 
 (1.25)*  

6.59*** 
(1.31)*  

Fusarium  
resistance 

15.66*** 
(2.33)+ 

22.60***  
(2.58)+    

26.53***  
(2.02)+   

28.04*** 
(2.22)+  

Agronomic management 

High nitrogen  -50.83*** 
(6.42)* 

 -54.88*** 
(5.51)+ 

Fungicide  
application 

 -111.08*** 
(15.17)+ 

 -42.55*** 
(13.20)*  

Trial years 

Trial year 2015   -265.86*** 
(6.79)* 

-262.47*** 
(6.75)+ 

Trial year 2017   -131.02*** 
(6.96)* 

-127.96*** 
(6.75)* 

* 
 N = 4200 

R2 = 0.22 
N = 4200 
R2 = 0.25 

N = 4200 
R2 = 0.43 

N = 4200 
R2 = 0.45 
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Figure 1: Forest plot of the non-standardized regression results for all regression models. The dependent variable of all 
models is Gross margin. Different models are identified by different colors. The plot shows the magnitude (indicated by the 
circle position) and uncertainty (tails around the circles show the .95 confidence interval) of variable coefficients. A filled 
circle indicates statistical significance at the level p< 0.001 and a not filled circle at the level p < 0.01. When a circle is 
positioned to the right of the vertical zero line, it means that the variable increases the dependent variable Gross margin. 
For every additional unit of a variable (e.g., one additional percentage point of healthy leaf area), the Gross margin in-
creases by the variable’s coefficient. And when a point is located to the left of the zero line, the variable is estimated to have 
a negative influence on the dependent variable so that it decreases Gross margin, source: authors’ calculations. 
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Table 4: Standardized coefficients (standard errors) of the regression models with scaled variables and gross margin as 
the dependent variable (significance codes: *** p < 0.001, ** p < 0.01), source: authors’ calculations. 

Independent  
variables  

Core model Core model 
+ agronomic 

manage-
ment varia-

bles 

Core model+ 
trial year var-

iables 

Full model 
with all  
variable  

categories 

Intercept -0.00***       
  (0.01)+   

-0.00***       
(0.01)+   

             -0.00  
               (0.01) 

-0.00***       
(0.01)+    

Resistance breeding 

Year of release 0.28*** 
(0.01)+    

0.25***  
(0.01) +     

0.29***  
(0.01)+     

0.28***  
(0.01)+     

Rusts resistance 0.20*** 
 (0.02)+ 

0.33*** 
 (0.03)+ 

0.09*** 
 (0.02)+ 

0.15*** 
 (0.02)+ 

Powdery mildew  
resistance 

0.08*** 
 (0.02)+ 

0.12*** 
(0.02)+ 

0.08*** 
 (0.02)*  

0.10*** 
(0.02)*  

Fusarium  
resistance 

0.12*** 
(0.02)+ 

0.17***  
(0.02)+    

0.20***  
(0.02)+   

0.21*** 
(0.02)+  

Agronomic management 

High nitrogen  -0.11*** 
(0.01)* 

 -0.12*** 
(0.01)+ 

Fungicide  
application 

 -0.24*** 
(0.03)+ 

               -0.09*** 
(0.03)*  

Trial years 

Trial year 2015   -0.53*** 
 (0.01)* 

 

-0.53*** 
(0.01)* 

Trial year 2017   -0.26*** 
(0.01)* 

-0.26*** 
(0.01)* 

 
 N = 4200 

R2 = 0.22 
N = 4200 
R2 = 0.25 

N = 4200 
R2 = 0.43 

N = 4200 
R2 = 0.45 
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Figure 2: Forest plot of the regression results with standardized variables for all regression models. The dependent variable 
of all models is Gross margin. Different models are identified by different colors. The plot shows the magnitude (indicated 
by the circle position) and uncertainty (tails around the circles show the .95 confidence interval) of variables’ coefficients 
in all regression models. A filled circle indicates statistical significance at the level p< 0.001 and a not filled circle at the 
level p < 0.01. As variables were standardized, the coefficient magnitude of differently scaled variables can be better com-
pared. When a circle is positioned to the right of the vertical zero line, it means that the variable increases the dependent 
variable Gross margin. For every additional unit of a variable (e.g., one additional percentage point of healthy leaf area), 
the Gross margin increases by the variable’s coefficient. And when a point is located to the left of the zero line, the variable 
is estimated to have a negative influence on the dependent variable so that it decreases Gross margin, source: authors’ 
calculations. 

 

3.4.2. Post-estimation analyses 
Considering all decades, the highest gross margin was calculated for the treatment with 
high nitrogen and fungicide applications (902.5 EUR ha-1), followed by the low nitrogen 
treatment with fungicides (892.1 EUR ha-) which is closely followed by low nitrogen with-
out fungicides (853.02 EUR ha-1). The treatment variant high nitrogen without fungicides 
has by far the lowest gross margin (697.45 EUR ha-1). When aggregating the gross margin 
of all varieties and treatments per decade, it grew consistently from 1960’s to 2010’s (Fig-
ure 3). This finding is consistent with the multiple regression results for the variable Year 
of release. 
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Figure 3: Boxplots of the gross margins (EUR ha-1) per decade of variety release, for all treatment groups and varieties,  
source: authors’ calculations. 

 
Additionally, distinguishing by treatment group, Table 5 shows that the gross margin and 
also plant’s resistances to fungal diseases (here expressed as leaf and spike health) in-
crease from decade to decade in all treatment groups. Please note again that all plots in 
the treatment groups with fungicides are considered to be not infected with fungal path-
ogens, therefore having a health index of 100. This is not only a theoretical assumption, 
as these trial plots were also examined and showed nearly no infections. The gross margin 
of the newest varieties is highest for the treatment variants with high nitrogen but only 
differs a little for those treatment variants with a low nitrogen level. The difference be-
tween cultivating with and without fungicides decreased over the years, more pro-
nounced in the high nitrogen treatment. 
  



  3. Economics of resistance breeding 

56 

 

Table 5: Average gross margin (EUR ha-1) and health index per decade and treatment group; 
Explanation of treatments: high nitrogen application (HN), low nitrogen (LN), no fungicides (NF), with fungicides (WF),  
source: authors’ calculations. 

Decade Treatment Gross margin 
(EUR ha-1) 

Leaf health  
index 

Spike health  
index 

1960 HN_NF 538.1 71.4 96.9 
1970 HN_NF 550.0 71.8 96.8 
1980 HN_NF 560.5 74.4 96.9 
1990 HN_NF 676.1 77.4 96.7 
2000 HN_NF 731.7 79.6 97.2 
2010 HN_NF 793.9 83.2 97.3 
1960 HN_WF 789.1 100.0 100.0 
1970 HN_WF 757.2 100.0 100.0 
1980 HN_WF 802.5 100.0 100.0 
1990 HN_WF 892.2 100.0 100.0 
2000 HN_WF 950.0 100.0 100.0 
2010 HN_WF 955.6 100.0 100.0 
1960 LN_NF 719.0 76.5 97.5 
1970 LN_NF 728.2 74.9 97.7 
1980 LN_NF 741.4 77.8 97.8 
1990 LN_NF 831.5 80.5 97.4 
2000 LN_NF 884.6 82.7 97.9 
2010 LN_NF 932.0 85.9 98.0 
1960 LN_WF 770.3 100.0 100.0 
1970 LN_WF 752.3 100.0 100.0 
1980 LN_WF 817.9 100.0 100.0 
1990 LN_WF 865.5 100.0 100.0 
2000 LN_WF 927.6 100.0 100.0 
2010 LN_WF 954.2 100.0 100.0 

 
This result was also observed in Figure 4, where the gross margin enhancing effect of fun-
gicide applications decreased over time. The two lines describe the normalized gross mar-
gin differences between the treatments with fungicide applications and those without. Ac-
cording to the trial set up, we can additionally distinguish these differences for the treat-
ment groups with low (purple line) and high (turquoise) nitrogen dosage.  
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Figure 4: Normalized differences in gross margins (EUR ha-1) between treatments with and without fungicide applications 
in two trial set-ups with high (purple line) and low (turquoise) nitrogen application, the dotted lines indicate the linear 
trend, source: authors’ calculations. 
 

Over all varieties and years of release, the average gross margin difference between a fun-
gicide-treated and untreated system is 122.0 EUR ha-1 with a standard deviation of 140.0 
EUR ha-1. The maximum is 502.3 EUR ha-1 and the minimum -241.3 EUR ha-1. In the un-
treated control, the average gross margin also increases with higher spike or leaf health 
(Table 6). For both health indicators, the gross margin is highest under the low nitrogen 
treatment.  

 
Table 6: Average gross margin according to the spike and leaf health index, as well as the nitrogen treatment for all varie-
ties without fungicide application. A low health index includes all plant health values (% of uninfected spike or leaf area) 
up to the first quantile, medium are all values between the first quantile and the average, and high are all values above 
average, source: authors’ calculations. 

Spike or leaf 
health index 

Nitrogen  
treatment 

Gross margin  
depending on spike 

health index  
(EUR ha-1) 

Gross margin  
depending on leaf 

health index 
(EUR ha-1) 

Low Low 806.9 783.5 
Medium Low 861.7 890.1 
High Low 914.0 941.8 
Low High 666.2 622.4 
Medium High 718.8 797.2 
High High 788.4 864.2 

 
The subset of popular susceptible and resistant German winter wheat varieties is shown 
in Table 7. We classified those varieties as susceptible that had an average leaf health in-
dex < 80 %, and varieties with a higher index as resistant. The gross margin differences 
between a fungicide-treated and untreated cultivation are much lower for the resistant 
varieties. The mean difference is even negative. The difference is large for susceptible 
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varieties, which profit from fungicide applications as these are needed to secure their 
health and hence the gross margin. 

 
For example, consider the case of the resistant variety Elixer which has a large environ-
mental stability. By not taking advantage of its high resistances and applying a full dosage 
of fungicides, the gross margin decreases, even though the fungicide treatment slightly 
increased yield, protein, and health levels. On the contrary, Tobak, which is also classified 
as resistant, produces a higher gross margin under full fungicide treatment as compared 
to the non-application. This is due to the variety’s higher susceptibility to one particular 
disease, leaf rust. The susceptible variety JB Asano profits greatly from fungicide applica-
tions, which nearly double its yield and gross margin. Also, the very popular variety Dekan 
shows a large gross margin boosting effect induced by fungicides. 
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Table 7: Subset of important susceptible and resistant German winter wheat varieties with the variables average grain yield (dt ha-1), protein content (%), gross margin (EUR ha-1), leaf and 
spike health (uninfected leaf or spike area in %) under the high nitrogen treatment, along with differences between variables for the cultivation with and without fungicide applications and 
average differences over all susceptible and resistant varieties. We define all varieties with an average leaf health index under 80 % as susceptible and those with a higher health index as 
resistant, source: authors’ calculations. 
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3.5. Discussion 
 
Breeding varieties with increased resistance to fungal pathogens is an integral part of 
plant breeding programs and it was an important goal of the last 50 years of winter wheat 
breeding around the world, and also in Germany. Such breeding ties up monetary and 
human resources and yet, so far, the microeconomic impact of resistance breeding has not 
been analyzed with a field-experimental data set which covers 50 years of breeding pro-
gress, and which enables us to isolate the purely breeding-induced effect. Our research 
contributes to filling this research gap. We show that breeding for resistances has created 
large positive economic effects on winter wheat production in Germany. The results of the 
regression models, show that resistance breeding had a large positive and statistically 
significant effect on the microeconomic target variable gross margin (Table 3 and 4, Fig-
ure 1 and 2). The strong and statistically significant effect of the year of release indicates 
that younger varieties are more profitable as they contain breeding induced innovations, 
which older varieties lack on average. The effect of the resistances to individual fungal 
pathogens, showed that rusts and Fusarium resistances had the largest effect on the eco-
nomic profitability of the varieties. Confirming our hypothesis, the validation models in-
cluding the agronomic management variables, show that fungicide applications had a sta-
tistically significant and large negative effect on the gross margin of a specific variety. This 
is due to the high costs for fungicide products and their application. These results indicate 
that a careful choice of resistant varieties can be more profitable than applying a full dos-
age of fungicides or high levels of nitrogen. Likewise, high nitrogen fertilization has a neg-
ative impact on the economic performance. This was true even though in the trials nitro-
gen application was reduced to the necessary minimum, which means that in comparison 
to an average location of German winter wheat cultivation nitrogen application was low. 
Due to the given high N-supply capacity of the soil at the trial site, the statements regard-
ing the economic efficiency of the N-fertilizer application cannot be transferred to all sites. 
On other soils with a lower N-supply capacity, a higher economic efficiency of the N ferti-
lization can be assumed. Appropriate fertilizer management is also important for reduc-
ing the disease intensity depending on the nutritional habit of the present pathogen 
(Simón et al., 2020). Overall, the trial year had a significant effect on the gross margin. As 
the management and input use are the same across varieties of a certain treatment, this 
can be explained by the different meta-environments prevailing during each trial year. 
During the trials, production was mainly limited by the plant-available water during late 
spring and summer. According to the soil moisture, 2016, the reference year in the mod-
els, was the least dry year. In 2015 soil moisture was 29.3 %, 2016 31.0 % and 2017 
29.1 %. Hence, during the first and last trial year, plants had to cope with strong drought 
stress (see Zetzsche et al., 2020). Moreover, drought periods need to be considered when 
interpreting the effects of fertilization, as they caused some fertilizer to remain undis-
solved, so that the effect of fertilization was limited or delayed in these years.  
 
The regression results are backed up with the post estimation analyses results. These 
show that the gross margin increased over the decades (Figure 3, Table 5) and also with 
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the increased breeding-induced leaf and spike health (Table 6). Furthermore, the differ-
ence between fungicide-treated and untreated winter wheat cultivation decreased over 
time due to increased plant health (Table 5, Figure 4). This underlines that resistant vari-
eties are also profitable without disease management and under biotic pressures from 
fungal pathogens. The peaks in 1986 and 1996, as well as the strong drop down in 1991 
visible in Figure 3 are caused by single varieties with particular behavior who were re-
leased in this year. The subset of popular winter wheat varieties (Table 7) shows that on 
average, the gross margin of more resistant varieties decreases with fungicide applica-
tions. Even though the yield and protein contents of the resistant varieties increase 
slightly with applications, this yield and protein-boosting effect is not large enough, to 
compensate for the high fungicide costs. In general, the trial produced above average pro-
tein contents due to the prevailing dry conditions. 
 
Usual gross margin calculators include the standard gross margin categories revenue, 
which is influenced by yield quantity, quality, and the producer price, as well as the vari-
able costs of production for inputs, labor etc. (KTBL, 2020; LfL, 2021; Mußhoff and 
Hirschauer, 2020). Due to the trial set up and economic analysis method, our variety-spe-
cific gross-margin calculations allow to assess the microeconomic effect of the last 50 
years of breeding for resistances to fungal pathogens. Studies on winter wheat found that 
the continued innovation of breeding in Germany has created higher-yielding crops, 
which are more resistant and stable across environments and treatment variants 
(Zetzsche et al., 2020; Voss-Fels et al., 2019). Our research shows that this positive yield 
effect has translated into an increased profitability of more resistant varieties. 
 
The results show that due to their high costs, fungicide applications have a negative effect 
on the gross margin and that the gross margin-enhancing effect of a full fungicide rate has 
been diminishing over time. The profitability of fungicide applications depends on many 
factors: weather conditions and corresponding disease intensity as well as risks, efficacy 
of the applied active ingredients, application costs and rates, timing, agronomic manage-
ment, the current wheat price as well as the variety-specific resistance (Wegulo et al., 
2011). Wegulo et al. (2011) conclude that foliar fungicide treatments can be profitable in 
years with moderate to high disease severity but can be unprofitable when fungicides are 
used in years with low disease severity. In line with our results, Weisz et al. (2011) found 
that fungicide application costs need to be offset by yield gains induced by these applica-
tions. Therefore, routine applications solely based on the wheat growth stage or general 
experience are only profitable if such a yield gain is achieved (Weisz et al., 2011). How-
ever, when diseases are present, the likelihood that application costs and benefits break 
even or that benefits outweigh the costs increase (Weisz et al., 2011). In Germany, farmers 
increasingly plant winter wheat varieties with broad resistances to diseases, nevertheless 
the fungicide application intensity in fields planted with such varieties is not significantly 
different to those planted with less resistant varieties (Dachbrodt-Saaydeh, 2018). This 
indicates that the gross margin-enhancing potential of resistant varieties is generally not 
realized in practice. Weather and other factors such as available labor and machinery as 
well as rules and regulations influence the decision of an operating farm to apply or not 
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apply fungicides (Dachbrodt-Saaydeh, 2018). Analyzing operating farms in Germany, the 
majority of situation-specific fungicide applications, is economically superior to general 
applications, as farm businesses can save on product and application costs (Kehlenbeck 
and Rajmis, 2018). In particular, less applications can save overall costs for disease man-
agement. Depending on the weather and disease conditions, modern, resistant varieties 
can allow some fungicide applications to be skipped within the season, and therefore save 
product and application costs. As described, farmers’ knowledge and their options to al-
locate farm resources for disease monitoring and other practices are relevant. The high 
application costs for fungicides can be avoided by not applying fungicides when the vari-
ety- and site-specific damage thresholds are not surpassed. This implies using locally 
adapted disease management systems which adjust according to yearly and local varia-
tions in disease intensity (Jalli et al., 2020). 
 
Despite the breeding progress, the results also show that on average the grain yield per-
formance was always superior when applying fungicides. Hence, under certain condi-
tions, fungicide applications can be beneficial for increasing yields, also if plants with 
higher resistance levels are sprayed. This was also found by other trials where the yield 
advantage highly depended on varieties’ yield potential, location, and disease conditions 
(Thompson et al., 2014). One explanation for this finding is a possible preventive effect of 
applying fungicides before a specific fungal pathogen is present. This option can be influ-
enced by the application timing and the applied active ingredients which usually target 
several pathogens and not only the pathogen for which a damage threshold was sur-
passed. This preventive effect can decrease plant stress, delay senescence, or prolong the 
green leaf area retention and hence create plant health and economic benefits (Lopez et 
al., 2015; Berdugo et al., 2012; Wegulo et al., 2011; Zhang et al., 2010; Bertelsen et al., 
2001; Wu and Tiedemann, 2001). Recent literature analyzing new groups of fungicides, 
reported that apart from fungicides’ protective attributes, they can also positively alter 
plant physiology so that grain yield and other traits improve (Amaro et al., 2020; van 
Dingenen et al., 2017). Along with farm resource allocation, these findings can partly ex-
plain why some farmers tend to spray rather as a preventative measure than according to 
variety- and site-specific disease risks (Rajmis and Kehlenbeck, 2018). Also, plant injuries 
caused by fungicide applications do not seem to have a yield-decreasing effect (Robinson 
et al., 2013) that could influence the crop’s economic profitability. Some studies conclude 
that the profitability of fungicide applications depends on the grain price, hence applica-
tions are unprofitable in years with low prices and in particular when the host plant is 
resistant (Thompson et al., 2014; Hysing et al., 2012; Wegulo et al., 2011; Wiik and 
Rosenqvist, 2010). Also, an analysis of 25 years of winter wheat cultivation in southern 
Sweden, found that the average net return from fungicide applications was no more than 
12 EUR ha-1 and was even negative in 10 years (Wiik and Rosenqvist, 2010). Contrary to 
our findings, fungicide treatments were more profitable in the latter part of the trial pe-
riod from 1995 – 2007 (Wiik and Rosenqvist, 2010). Modelling farmers’ fungicide choices 
Te Beest et al. (2013) conclude that in years with high disease severity too low doses of 
fungicides can result in a net loss, therefore risk-averse farmers prefer to apply a high 
fungicide dosage as an insurance to avoid such losses.  
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It is no surprise for agronomists that the specific meta-environment or weather during 
the field trials decisively impacted the variety-specific gross margins. Albers et al. (2017) 
estimated that 43 % of the total actual wheat yield volatility is driven by weather. The 
authors also estimated that 49 % of the yield volatility is driven by inputs. Our results 
indicate that the meta-environment had a much larger impact on the gross margin than 
inputs. This can be explained by the strong water-stress conditions during the trial years. 
 
A combination of resistant varieties, intensive inventory scoring, and independent con-
sultation is necessary to reduce fungicide applications and decrease the risks thereof (Hel-
big et al., 2018). Farmers need more actionable, accessible, and affordable information on 
varieties’ resistance traits along with current weather conditions and sub-plot specific 
pathogen risk. Digital farming and data analysis tools, such as e.g., non-uniform, sensor-
controlled spraying (Tackenberg et al., 2018), can help to pursue site- and variety-specific 
fungal disease management, while optimizing the farm resource allocation (labor, ma-
chinery etc.). Such tools must be adapted in such a manner that they are profitable for 
farmers and yet facilitate achievement of certain standards. Therefore, it is also necessary 
to better understand farmers’ spraying decisions and what factors influence them. The 
described positive impacts of resistance breeding on winter wheat production gross mar-
gins can be further increased by practitioners, who pair a good variety selection with va-
riety-, pathogen- and site-specific management. This implies that less fungicides could be 
applied. Fungicide use could be reduced by only treating the pathogen present on a spe-
cific variety and on a specific plot. This way the variety’s resistances to other pathogens 
can be exploited, which could imply that no further gross-margin decreasing applications 
are necessary. 
 
Our analysis is the first to calculate the microeconomic effect of resistance breeding for 
such a large and historical set of 176 varieties for which we can compare the important 
traits grain yield, protein content, plant health and the resulting gross margin. All varieties 
received the same variants of agronomic management and growing conditions, which en-
ables us, to single out the sole breeding-induced economic effect of breeding for increased 
resistances to fungal pathogens. Our findings are also relevant for other regions in the 
world as new and more aggressive strains of pathogens such as stripe rust are distributed 
around the world (Carmona et al., 2020). Therefore, international collaboration is needed 
to sustain the quality and quantity of wheat production and assuring profitable produc-
tion methods for farmers. Future work on the economics of resistance breeding for wheat, 
could set up trials at locations which differ in their soil conditions, and apply variety-, 
pathogen- and site-specific fungicide treatments. Such fungicide application trials could 
further increase the economic effect of varieties’ resistances. To assure the availability of 
agricultural innovations, such as more resistant varieties, regulatory reforms, and a public 
debate with more focus on scientific evidence is needed (Qaim, 2020). 
 
This analysis provides compelling evidence that resistance breeding has created large 
positive effects on the profitability of winter wheat production. Therefore, for farmers, an 
optimal choice of resistant varieties can be highly profitable in regards to the gross margin 
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of winter wheat production. Resistances can help to decrease input use whilst producing 
high yield quantities and qualities. Use of resistant varieties additionally contributes to 
climate protection by reducing the carbon footprint of the energy-intensive production of 
synthetic agrochemicals. Thus, the use of fungicides at full rates is not forward-looking 
when varieties are carefully chosen and cultivated, neither from an economic nor an en-
vironmental perspective. Social and political as well as climatic and ecological pressures 
make it clear that agricultural producers, stakeholders along the value chain, and policy 
makers must consider other target indicators such as minimizing external environmental 
costs, apart from profit maximization. As wheat is a major staple food around the world, 
our findings show that resistance breeding can contribute to achieve the United Nations 
Sustainable Development goals. It can help to reduce poverty levels of wheat-producing 
farmers whilst decreasing hunger through larger product quantities and better qualities. 
It can also enable climate action and improve the life on land by reducing potential nega-
tive environmental effects of intensive agricultural systems and reducing the pressure on 
land. Also, Germany’s National Action Plan for Plant Protection wants to reduce fungicide 
applications to the necessary minimum. This target can be achieved with the support of 
healthier varieties. Therefore, resistance breeding creates benefits at the farm-level and 
beyond.   
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Annex: Model Diagnostics 
 

Figure 5: Model diagnostics of the core regression model. The plot entitled “Normal Q-Q” shows a Quantile-Quantile  
(Q-Q) plot.
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4.1. Abstract  
 
Potato landraces (Solanum spp.) are not only crucial for food security and sustenance in 
Andean communities, but also deeply rooted in the local culture. The crop originated in 
the Andes, and while a great diversity of potato persists, some landraces have been lost. 
Local communities and the genebank of the International Potato Center (CIP) partnered 
to re-establish some of these landraces in situ by supplying clean seed potatoes to farm-
ers. Over time, the genebank formalized a repatriation program of potato landraces. Re-
patriation is the process of returning native germplasm back to its place of origin, allowing 
a dynamic exchange between ex situ to in situ conditions. So far, no comprehensive de-
scription of CIP’s repatriation program, the changes it induced, nor its benefits, has been 
carried out. We address this research gap by analyzing genebank distribution data for re-
patriated accessions, conducting structured interviews with experts, and applying dura-
tion and benefit analyses to a survey dataset of 301 households. 

 
Between 1997 - 2020, 14,950 samples were distributed to 135 communities in Peru. 
While most households (56 %) abandoned the repatriated material by the fourth year af-
ter receiving it, the in situ survival probability of the remaining material stabilizes be-
tween 36 % in year 5 and 18 % in year 15. Households where the plot manager is over 60 
years were more likely to plant the landraces for longer periods of times. While male plot 
managers decreased survival times in comparison to their female counterparts. Higher 
levels of education, labor force, wealth, food insecurity and the geographic location in the 
Southern part of Peru were associated with greater survival times. Most farmers reported 
nutritional and cultural benefits as reasons for maintaining landrace material. Repatri-
ated potatoes enabled farmers to conserve potato diversity and hence re-establish and 
broaden culinary diversity and traditions. Our study is the first study which applies an 
economic model to analyze the duration of in situ landrace cultivation by custodian farm-
ers. We provide an evidence base that describes the vast scope of the program and its 
benefits. 

 

4.2. Background 
 
Potato landraces (Solanum spp.) are not only crucial for food security and sustenance in 
Andean communities but are also deeply rooted in the local culture. The crop originated 
in the Andes, where a great diversity evolved and still exists (Parra-Rondinel et al., 2021). 
Landraces of potato are locally adapted genotypes that are conserved by farmers in het-
erogeneous Andean conditions (Parra-Rondinel et al., 2021; Arce et al., 2019). Under 
these conditions, landrace diversity is crucial to create resilient production systems that 
ensure farmers’ food security (Jackson et al., 2012; Burgos et al., 2009; de Haan, 2009; 
Brush, 2004; Bellon, 1996). However, over time, smallholder farming communities have 
lost some landraces due to various reasons, such as susceptibility to biotic and abiotic 
stresses, climate change, and terrorism (Ellis et al., 2020). Consequently, in the 1990s, the 
idea to return lost landraces to their places of origin evolved from the long-term 
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partnership between the genebank at the International Potato Center (CIP) and the An-
dean smallholder farming communities. These redistribution activities are summarized 
under the designation of a “repatriation program”, which has the direct intention to im-
prove farmers’ food security and to increase the infraspecific potato diversity managed 
on-farm amidst the local knowledge, traditions, and landscape in which the material 
evolved. To date, these activities, which started in 1997, have evolved to a broader pro-
gram and have become part of the routine genebank work at CIP.  

 
According to CIP staff and participating farmers, the repatriation program provides many 
benefits to the receiving communities, particularly culinary and cultural benefits (Ellis et 
al., 2020; R. Gómez, personal communication, October 13, 2020), but to date, neither the 
program, nor the benefits and changes it induces have been properly documented or com-
prehensively analyzed. When generally referring to on-farm conservation projects, Bellon 
et al. (2015) noted that the empirical evidence for their effectiveness is insufficient. To 
overcome this research gap and contribute to the literature about on-farm conservation 
of landraces, we first developed a comprehensive description of the repatriation activities 
to date, drawing on the passport data of repatriated landraces, and the expertise and ex-
perience of CIP staff directly involved in this effort. Second, we applied a duration model 
to identify household and community factors that influence the survival of the repatriated 
landraces on farms. Finally, we used a benefit and change analysis to investigate the 
changes brought about by the repatriation program to Andean smallholder farmer com-
munities and their individual members. This work is the first systematic description of 
the implementation, outcomes, and impacts of the potato repatriation program for partic-
ipating farmers since it began 24 years ago. CIP’s repatriation activities are described, and 
evidence is documented, including farmers’ utilization of the repatriated materials.  

 
The term “repatriation” is generally used to describe the redistribution of material from 
international or foreign genebanks to national genebanks. In the CIP context, it also refers 
to reintroducing landrace germplasm from the CIP genebank back to their places of origin 
in the Peruvian Andes for direct on-farm use and in situ maintenance (R. Gómez, personal 
communication, October 13, 2020). In 1997, the first repatriation effort by CIP started 
when a group of farmers participating in a local potato fair, contacted the genebank to 
help them quantify the level of available potato diversity in their communities (R. Gómez, 
personal communication, August 24, 2020). Within this context, the idea of redistributing 
healthy landrace germplasm back to the places of origin for in situ conservation evolved 
dynamically through dialogues between CIP staff and Andean farmers (Huaman et al., 
2000). In 1999, the term “repatriation” was used for the first time in an internal CIP report 
(Huaman, 1999). 

 
CIP’s repatriation process embodies a dynamic and circular model of ex situ and in situ 
conservation, whereby valuable landraces are returned to the Andean farmers that were 
lost due to various factors, and in exchange landraces, representing, genetic gaps in the 
potato germplasm collection at CIP, were identified from these communities are and de-
posited into the genebank for long-term conservation and safe keeping. Such a dynamic 
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model of ex situ and in situ conservation has a large intellectual legacy and has also been 
increasingly promoted and accepted (Ocampo-Giraldo et al., 2020; Meng et al., 1998; Bel-
lon et al., 1997; Berthaud, 1997; Maxted et al., 1997; Ortega, 1997).  

 
The processes and stakeholders of CIP’s repatriation program are mapped out in  
Figure 1. There is a continuous cycle of exchange between ex situ and in situ conservation 
activities, which are inherently linked to one another, while some activities occur simul-
taneously. This link and dynamic exchange likely only occur due to the building of per-
sonal relationships between the Andean farmers and genebank staff, which in turn en-
courage farmers to entrust their landraces to be deposited back to the genebank – a global 
public good. The graph can be divided into two parts: (1) the large circle on the left-hand-
side, which describes the exchange between the CIP genebank and the participating An-
dean communities and (2) the smaller orange circle, which represents the tuber multipli-
cation which is a prerequisite to redistribute material- the for tuber multiplication. This 
seed multiplication occurs every year between the CIP genebank and the support of the 
community of San José de Aymara, located in the Andean highlands, who play. This com-
munity plays an extensive role in ensuring sufficient healthy tubers are multiplied for re-
patriation. 

 
The repatriation process begins with a formal written request from a community author-
ity or head to CIP. This request is then reviewed by the repatriation team who check which 
accessions were collected from that particular region and also the availability of the tu-
bers for repatriation. Endemic potatoes are frequently redistributed back to their places 
of origin; this means that most landraces are strongly associated with the cultural heritage 
of the receiving communities and will grow/produce well in that area. When fulfilling all 
the criteria, the applying communities receives the material: usually 8–10 tubers, which 
are redistributed per landrace (R. Gómez, personal communication, March 01, 2021). Af-
ter receiving the tubers, the communities organize the communal multiplication of the 
material tubers and the corresponding division of labor and plots. When the community 
has produced enough tubers, the landraces are redistributed to individual farming house-
holds for inclusion in their own potato-planting portfolios. The lower large arrow denotes 
the flow of material between in situ and ex situ conservation. Here it is important to note 
that the reciprocal exchange is indispensable for the repatriation program to ensure lon-
gevity and safe backup of these landraces. Since certain potato varieties have been grown 
in their place of origin for over 8000 years, the Andes landscape, and Andean farmers, 
have conserved the landraces over time (Popenoe et al., 1989; Hawkes, 1988).  

 
The smaller circle describes the flow of repatriation work that is necessary to prepare 
(multiply) the material in the genebank for redistribution back to the Andean farmers. 
The genebank prepares the material by planting in vitro material plantlets in greenhouses 
to produce mini tubers. The mini tubers are then used for planting in potato plots to finally 
produce the tubers for repatriation. The final multiplication occurs jointly with the com-
munity of San José de Aymara, located at about 4000 meters above sea level (m.a.s.l.) in 
the province of Huancavelica in Peru. The high altitude of the community ensures less 
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biotic stressors for the regenerated material, and hence, facilitates the growth of healthy 
material for distribution. At the end of the multiplication process, the most suitable and 
promising landrace cultivars are selected, processed, and checked for visible disease, 
true-to-type, health, etc. The available material for repatriation marks the starting point 
of the big circle, where the genebank sends the clean material to participating Andean 
communities. In some cases, farmers approach CIP with specific requests for specific land-
races or tastes, textures, colors, and other traits in mind, and then the principal curator 
tries to best match these wishes based on the farmers description with the available ma-
terial. Most repatriation activities are part of the general genebank work, and the annual 
costs are estimated at below US$ 5000 (D. Ellis and N. Anglin, personal communication, 
March 10, 2021). 

 

 
Figure 1: Scheme of the repatriation program. The left, blue circle displays the mutual material exchange between the CIP 
genebank and Andean communities, and the orange circle on the right illustrates the material conservation, cleaning, and 
multiplication process to generate material for repatriation, source: authors. 

 

4.3. Data and methods 
 
Two main data sources were employed in this study: (1) accession-level genebank distri-
bution data on the repatriated landraces from 1997 to 2020 and (2) household survey 
data that were collected late in 2018 with the purpose of investigating and better under-
standing the changes and benefits resulting from the repatriations. 

 
CIP genebank distribution data provided information on each repatriated landrace, in-
cluding accession number, Global Information System Digital Object Identifier (GLIS-DOI), 
cultivar name, taxon name, geographic origin, year of repatriation, collecting site, gene-
bank accession status, and some morphological traits. On the community level, the data 
also contained the reasons for the repatriation request.  
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The survey was conducted in late 2018 by CIP with the goal to create an evidence base of 
the changes induced by the repatriation program and to document how the repatriated 
landraces are used by the farmers. For this survey, 301 household and community leaders 
who had participated in the repatriation program were interviewed in 65 communities, 
covering half of all the communities that received repatriations over the history of this 
program (CIP, 2018). The survey data was thus considered to be representative of repat-
riation recipients. 

 
We used the data from the genebank to summarize the outputs of the repatriation pro-
gram and analyze the accession-level information on the repatriated landraces. Mixed 
methods were used for analysis, as numeric variables were aggregated, and text variables 
were encoded and clustered. To complement the information from the database, six semi-
structured interviews were held with Rene Gómez, who has been the main coordinator 
for the repatriated accessions and principal CIP liaison for the repatriation program since 
its inception. 

 
We employed survival or duration models, which originated in the field of medicine for 
analyzing the survival of patients after specific diseases and treatments (Kaplan and 
Meier, 1958) and were later used in other disciplines, such as agricultural economics, to 
study the adoption of agricultural innovations, such as improved varieties (Ofori et al., 
2020; Lemessa et al., 2019; Nazli and Smale, 2016; Ray and Maredia, 2016; Beyene and 
Kassie, 2015; Oostendorp and Zaal, 2012; Alcon et al., 2011; Matuschke and Qaim, 2009; 
Dadi et al., 2004; Burton et al., 2003; Fuglie and Kascak, 2001). 

 
In econometrics, a duration model aims to study the expected time an individual spends 
in one state before transitioning to another, measured with a dichotomous variable (Alcon 
et al., 2011). In our case, this variable measured the number of years a farming household 
continued to grow a repatriated landrace after receiving it. We refer to this period as the 
survival time of the repatriated landrace in that household. The concept of probability is 
central to duration analysis, as it describes the probability of an event happening (e.g., 
loss or abandonment of a landrace) at a given point in time (Beyene and Kassie, 2015). 
The method can be classified as parametric, semi-parametric, and non-parametric. Para-
metric methods, such as binomial, Poisson, Weibull, or logistic distributions, have as-
sumptions for the maximum likelihood or least squares estimators, which restrict their 
use when time is the key variable and data is censored (Cleves et al., 2016). Non-paramet-
ric methods, such as the Kaplan-Meier function (Kaplan and Meier, 1958), analyze the 
success or failure of an event over time. With the Kaplan-Meier curve, we can demonstrate 
how high the probability of survival (i.e., a farmer continues to maintain a repatriated 
landrace) is at each point in time. Semi-parametric models, such as the Cox proportional-
hazards model (Cox, 1972), permit the use of explanatory variables (covariates) and in-
teract with non-parametric methods to explain their results. 

 
We employed a duration model to predict how long farmers will cultivate repatriated 
landraces and which factors influence survival time. The survival time is a mark of success 
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for the repatriation program because the longer farming households cultivate the repat-
riated landraces, the longer the project impacts are sustained in the receiving communi-
ties, and hence, additional benefits can be gained. The duration model consisted of two 
parts. First, we generated a Kaplan-Meier survival curve to estimate the baseline survival 
times. Second, we used a Cox proportional-hazards model to estimate the survival time 
and several covariates, which influence the probability of survival. This multivariate anal-
ysis showed which household or community characteristics influenced the survival time. 

 
The Kaplan-Meier model describes how long an event continues (survival time) in the 
presence of censored data. In our case, censored items were farming households where 
the landraces still survived when the survey was conducted in 2018, but about whom we 
had no follow-up data that told us if the landraces still survived today (i.e., after the survey 
was taken in 2018). It is important to note that the surveyed farming households partici-
pated in different years in the program. The repatriation program started in 1997, and 
since then, many farmers received repatriated material each year. Therefore, we had 
households in the sample who received material in 1997, but also those who had partici-
pated for only one year when being surveyed. The analysis integrated the censored items 
in such a manner that it did not distort the duration of the uncensored items. 

 
The Kaplan-Meier is a maximum likelihood estimator, denominated �̂�𝐸(𝑡𝑡): 

 
(1) �̂�𝐸(𝑡𝑡) =  �

𝑚𝑚𝑖𝑖 − 𝑖𝑖𝑖𝑖
𝑚𝑚𝑖𝑖𝑖𝑖: 𝑡𝑡𝑖𝑖<𝑡𝑡

 

 
where 𝑡𝑡𝑖𝑖 𝑚𝑚𝐺𝐺 a point in time when at least one event happened, 𝑖𝑖𝑖𝑖 𝑚𝑚𝐺𝐺 the number of events 
that happened at time 𝑡𝑡𝑖𝑖 , and 𝑚𝑚𝑖𝑖 are the individual households were the repatriated land-
races are still maintained, i.e. they have not yet abandoned the material or been censored 
up to time 𝑡𝑡𝑖𝑖 . 

 
This model is univariate (time is the only variable), and it is characterized by the assump-
tion that survival does not increase over time, all participants have the chance to change 
their status, and all respondents will change their status at some point in time. This func-
tion estimated the probability that landrace maintenance will continue based on observed 
times. The resulting stepwise function showed the probability that the repatriated land-
races still survive in a farming household at a certain point in time. 

 
As a second step, we conducted a Cox proportional-hazards model to calculate the proba-
bility of survival, given certain household or community characteristics and given that this 
household has maintained the landraces until a certain point in time. The Cox propor-
tional-hazards model was calculated as:  

 
(2) 

𝛾𝛾(𝜏𝜏,𝑋𝑋1, … . ,𝑋𝑋𝑛𝑛) = 𝛾𝛾0 (𝜏𝜏) 𝑖𝑖𝑒𝑒𝑝𝑝 (�𝛽𝛽𝑖𝑖

𝑛𝑛

𝑖𝑖=1

𝑋𝑋𝑖𝑖) 
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where 𝛾𝛾0 (𝜏𝜏) is the base risk and corresponds to the risk of abandoning the landraces 
when all variables have zero value and the 𝑖𝑖𝑒𝑒𝑝𝑝 (∑ 𝛽𝛽𝑖𝑖𝑛𝑛

𝑖𝑖=1 𝑋𝑋𝑖𝑖) depends on the predictor var-
iables or covariates. This multivariate analysis showed us which household or community 
characteristics influence the survival time to abandonment. The effect of each variable 
was given as the hazard ratio (HR). A HR > 1 indicated an increased likelihood of aban-
doning the repatriated material in situ and an HR < 1 indicated a decreased likelihood. 
Here the likelihood was defined as the probability of occurrence of the model event. 
 
Despite the growing literature, the incentives for smallholder farmers to grow landraces 
are not well understood, and multiple researchers have explored this issue (McLean-
Rodríguez et al., 2019; Van Dusen, 2000; Meng, 1997). Brush et al. (1992) were the first 
researchers to investigate crop diversity on farms. Hence, their work was an important 
basis for analyzing the in situ conservation enabled by the repatriation program. Follow-
ing this literature, the variables listed in Table 1 were used for the duration model. We 
added a variable that measured food insecurity at the district level. This was a key variable 
of interest because a major objective of the repatriation program is to improve the food 
security level of its beneficiaries.
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Table 1: Variable selection for the Cox proportional model 

Variables Description Summary statistics:  
mean (standard deviation)  
or frequency counts 

Time variable 
Time 

 
Survival time, number of years a community receives the repatri-
ated landraces to the last year where farmers plant these varieties 
(time to abandonment) 

 
4.34 (4.44) 

Event/status variable 
Event 

 
Dummy variable (1= abandonment of repatriated landraces has 
happened, 0 = otherwise) 

 
0 (n=96) 

1 (n=173) 
Independent variables 
Gender  

 
Binary gender (male or female) of the person managing the plots 
with repatriated potatoes 

 
Male (n = 246) 

Female (n = 49) 
 
Age 

 
Age group of the person managing the plots with repatriated pota-
toes (below 30 = plot manager is below 30 years of age,  
30–60 = plot manager is between 30 and 60 years,  
60+ = plot manager is older than 60) 

 
Below 30 (n= 20) 

30–60 (n= 206) 
60+ (n = 65) 

 
Education 

 
Education of the person managing the plots with repatriated pota-
toes (none = 0, initial = 1, primary = 2, secondary = 3, technical = 
4, tertiary = 5, other = 6) 

 
0 (n = 14) 

2 (n = 175)  
3 (n =84) 
4 (n = 6) 

5 (n = 11) 
 
Labor force 

 
Number of internal (household members) and external people 
who help with agricultural work 

 
8.00 (5.15) 

 
Wealth 

 
Number of services (drinking water, drainage, electricity, tele-
phone, TV, internet) per household  

 
2.63 (1.33) 

 
Food insecurity 

 
Index of Peruvian food insecurity in the face of recurrent natural 
disasters. Average per district (index running from 0.00 (= no risk 
of food insecurity) to 0.85 (= very high risk of food insecurity)a  

 
0.36 (0.22) 

 
Zone 

 
Geographical zone in Peru: Center includes the departments An-
cash, Huánuco, Pasco, Lima, Junín, Huancavelica; South includes 
Ayacucho, Apurímac, Cusco, Arequipa, Punob  

 
Center (n= 123) 
South (n= 179) 

a Sourced from WFP and CENEPRED (2015) b For more information, see Figure 2 
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Finally, we analyzed the changes and benefits perceived by farmers based on the feedback 
from the household survey. This analysis further explained why farmers maintained and 
abandoned their repatriated material, and hence, provided valuable insights on how the 
repatriation program produced changes and how possible benefits can be enhanced and 
upscaled as the repatriation program continues. This information enabled us to better 
understand the reasons for landrace abandonment by revealing foregone benefits. Survey 
responses to relevant questions were analyzed descriptively with mixed methods. 

 

4.4. Results 

4.4.1. Genebank data analysis: characterizing the repatriated diversity 
Between 1997 and 2020, 14,950 landrace samples, including 1,519 unique landrace cul-
tivars, were distributed to 135 communities in the Peruvian Andes (CIP, 2021a). These 
distributions represent over 50 % of the active accessions that were originally sourced 
from Peru (CIP, 2021a).10 Most landrace samples were distributed to the department of 
Cusco (7,304), followed by Puno 
(1,409), Ancash (1,311), and 
Huancavelica (1,205). Since the 
start of the program, each commu-
nity received 111 samples on aver-
age, and most communities only 
participated once in the program. 
Within Peru, more accessions 
were distributed to the south and 
less to the north and center, as 
shown in Figure 2. This figure indi-
cates the number of participating 
communities per province and the 
central and southern zones de-
fined for the duration model. 
 
 
 
Figure 2: Map indicating the number of commu-
nities per province which participated in CIP’s 
repatriation program from 1996 to 2020, based 
on CIP (2021a), source: authors’ calculations. 

                                                       
10 As of February 2021, the CIP genebank has 7,466 cultivated and wild potato accessions (CIP, 2021b). Of 
these, 4,870 are cultivated and 2,596 are wild. The number of active landraces in the CIP collection is 4,467, 
and of these, 3,427 are currently available for distribution. Over time, the CIP genebank has repatriated 
1,519 of all landrace accessions. These numbers also include landraces form other countries of origin. For 
Peru, the landrace collection currently holds 2,854 active accessions, of which 2,114 are available for distri-
bution. And, over time, 1,498 have been repatriated by the repatriation program analyzed here (CIP, 2021b). 
These numbers are dynamic because of the continuous genebank operations, source: authors’ calculations. 
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Across the years, the activities of the repatriation program have changed. Table shows the 
number of samples and participating communities involved in the repatriation program 
over the years, displaying the upward trend in numbers and the sustained, continuous 
process. Due to its setup, the program is fundamentally demand- or farmer-driven, and 
the farmers’ interests have increased over time. We hypothesized that major contributors 
are farmer networks and word of mouth enriched by the close ties of CIP’s principal cu-
rator, Rene Gómez, to the receiving communities or institutions, such as the Parque de la 
Papa (Potato Park) (R. Gómez, personal communication, March 01, 2021). As we could not 
single out all the driving factors using the survey data, we further speculate that demand 
for repatriated materials increased by changes in potato production and local loss of land-
races due to the El Niño-Southern Oscillation and disruptions in potato production, loss 
of landraces and interruptions in seed systems caused by conflicts between the disturb-
ances during the era of the guerrilla group Shining Path. Funding was also an influential 
factor, as there was no repatriation in 2009 due to complete lack of funding. Further, in 
2020, the COVID-19 pandemic with confinements and other restrictions had a significant 
impact on the number of repatriations. 

 
Table 2: Number of repatriated landrace samples, and participating communities per year, based on CIP (2021a),  
source: authors’ calculations. 

Year Number of repatriated samples Number of participating communities 
1997 488 2 
1998 420 4 
1999 535 7 
2000 382 9 
2001 191 4 
2002 1,356 8 
2003 330 4 
2004    290 7 
2005      30 1 
2006 1,144 8 
2007 156 3 
2008 412 7 
2009 0 0 
2010 474 6 
2011 402 1 
2012 344 3 
2013 725 7 
2014 789 5 
2015 1,445 11 
2016 1,855 18 
2017 542 6 
2018 398 7 
2019 1,827 21 
2020 415 5 
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The landrace accessions that have most frequently been repatriated are accessions 
with a wider geographical distribution (Table). Even though the repatriation material was 
not selected based on any criteria other than availability and accession origin, most of the 
repatriated potatoes tended to have the following morphological characteristics: oblong, 
without unusual tuber shapes, slightly deep or deep eyes, cream as the predominant tuber 
flesh color without a secondary color, purple or violet tuber skin with intermediate to high 
intensity, and a wider range of secondary colors.  

 
Table 3: Top ten most repatriated landrace accessions (CIP, 2021a). Taxonomic designations are those from Hawkes 
(1990), sources: authors’ calculations. 

Accession num-
ber 

DOI Species or subspecies of  
Solanum 

Number of  
repatriated samples 

CIP 702013 10.18730/99TN Chaucha 64 
CIP 707136 10.18730/CS9U Chaucha 62 
CIP 700485 10.18730/8XZC Tuberosum andigenum 51 
CIP 701515 10.18730/960A Tuberosum andigenum 49 
CIP 703181 10.18730/9HVK Tuberosum andigenum 47 
CIP 703932 10.18730/A3Y6 Tuberosum andigenum 45 
CIP 702037 10.18730/9A1W Tuberosum andigenum 45 
CIP 702961 10.18730/9H2Z Stenotomum goniocalyx 44 
CIP 700863 10.18730/9197 Tuberosum andigenum 43 
CIP 700790 10.18730/90NR Tuberosum andigenum 42 

 

The genebank repatriation survey data also included the reasons why communi-
ties participated in the program. The following reasons were mentioned: recovery of lost 
or infected material with healthy seeds; abiotic stressors, such as frost and hail, climate 
change; and biotic stressors. The mention of climate change by 13 (of 135) participating 
communities shows that it is a push and pull factor for increasing potato diversity. While 
12 of these communities mentioned that they lost some landraces due to unprecedented 
weather extremes (pull factor), some (n= 3) noted that the repatriated material is needed 
for adaptation (push factor). 

 

4.4.2. Duration model: analyzing the survival of repatriated landraces 
Over the program duration (1997–2018), 64 % of farming households ceased 

growing the repatriated landraces, while the remainder continued to plant the repatriated 
material at the time when the survey was conducted (late 2018). The longest survival time 
of local bundles of repatriated landraces was 20 years, the shortest was 1 year.  

 
The Kaplan-Meier curve (Figure 3) shows the probability that the repatriated land-

races survive in situ, i.e., that farmers continued to maintain them in their fields at a given 
point in time after receiving the repatriated material. Table 4 shows the probability of 
survival for each year after a household received repatriated material It also shows how 
many households still maintained the repatriated landraces and did not abandon them, 
how many households abandoned repatriated materials, and how many censored house-
holds existed at each point in time. The probability of survival decreased steeply in the 
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first few years after receipt of the material, indicating that most households abandoned 
the repatriated material during the first 4 years. This is shown in Figure 3, the curve de-
clines at a slower rate and reaches a plateau until year 15. This indicates that for about 10 
years, the survival probability stays in a relatively narrow range between 36 % (year 5) 
and 18 % (year 15). Afterwards, the curve drops again, and in year 20, the survival prob-
ability is only 3 %. 

 
Table 4: Results of the Kaplan-Meier survival analysis, source: authors’ calculations. 

Year after receiving repat-
riated material 

Number of households Survival probability 
Maintaining 
the material 

abandoning 
the material 

Censored  

1 256 36 7 0.86 
2 213 47 37 0.67 
3 129 23 15 0.55 
4 91 18 5 0.44 
5 68 13 7 0.36 
6 48 6 0 0.31 
7 42 3 1 0.29 
8 38 2 3 0.27 
9 33 0 1 0.27 
10 32 1 3 0.27 
12 28 1 1 0.26 
13 26 2 0 0.24 
14 24 2 3 0.22 
15 19 3 4 0.18 
16 12 2 2 0.15 
17 8 2 1 0.11 
18 5 2 0 0.07 
19 3 0 1 0.07 
20 2 1 1 0.03 
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Figure 3: Kaplan-Meier survival curve displaying the in situ survival probability of the repatriated material at each succes-
sive year after the repatriations, the dashed line shows the 95 % confidence interval of the estimation,  
source: authors’ calculations. 

 
The second part of the duration model is the Cox proportional hazard analysis, which 
quantified the effect of household and regional characteristics on the survival time of the 
repatriated materials and revealed the statistically significant determinants of survival. 
Holding other covariates constant, the likelihood of abandonment increased when the 
person in charge of the plots with repatriated material was male. The HR value of 1.71 
indicated that a male plot manager increased the likelihood of abandonment by a factor 
of 1.71 or 71 % in comparison to a female in charge of the plots. This effect is statistically 
significant, and hence, is an important factor to predict survival. Farmers under 30 years 
of age were also significantly more likely to abandon the repatriated materials than older 
adults. On the contrary, the likelihood of abandonment decreased by a factor of 0.76 or 
24 % when the person managing the plots with repatriated material was over 60 years 
old. All other factors, including higher levels of education, larger labor force, household 
wealth, food insecurity in the district, and location in the southern geographical zone, 
were related to lower risk of abandonment with longer survival times of repatriated land-
races. 

 
The overall model is significant, based on a likelihood-ratio test, a Wald test, and score log 
rank statistics. Also, the test for the proportional hazard assumption confirmed that the 
model is robust. 
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Table 5: Results of the multivariate Cox regression model, source: authors’ calculations. 

Variable HR 
Gender (Male plot manager, reference: female plot manager) 1.71*     
Age 60+ (Age of plot manager > 60 years, reference: age group 30 to 60 years) 0.76     
Age below 29 (Age of plot manager < 29 years, reference: age group 30 to 60 years) 1.63     
Education 0.80*     
Labor force 0.96*     
Wealth 0.92     
Food insecurity 0.75     
Zone South (Center is reference) 0.47*** 

Note: significance codes: *** p-value < 0.001; * p-value < 0.05 

4.4.3. Benefits induced by the program and reasons for landrace abandon-
ment 

Most farmers (56 %) noted nutritional improvement as the most important benefit in-
duced by the program. These improvements were achieved through increased food con-
sumption, food security, health, and an increased availability of landraces for traditional 
processing, such as “chuño” (freeze-dried potato). In the survey, 31 % of participants re-
ported nutritional and economic benefits, while only 13 % reported pure economic ben-
efits – related to improved possibilities to sell their produce in the marketplace. 

 
Culinary diversity was increased by the repatriation program. The surveyed farmers re-
ported that they experienced an increase in the number of distinct flavors and textures. 
Unique flavors and textures were defined by different levels of sweet and bitter and a wa-
tery, starchy, or chewy texture. This increase in culinary diversity was also confirmed 
when female household members and those respondents who were mainly responsible 
for cooking were interviewed separately. Cooks reported an average of eight new combi-
nations of flavors and textures brought to their kitchens by the repatriated material. Of 
the interviewed women, 72 % felt healthier from eating landraces, and 81 % acknowl-
edged that their family or community benefitted from the program. 

 
Of all the surveyed farmers, 77 % said that the program helped them to recover lost land-
races. They also perceived a union of traditional farming and scientific knowledge, and 
they enjoyed improved reputations from growing repatriated landraces.  

 
The changes were not clear-cut regarding the effects of on-farm productivity. Of all the 
surveyed farmers, 57 % stated that yield increases were induced by the program, but also 
a quarter of them revealed that these were not realized. Meanwhile, 41 % of the respond-
ents noted an overall increase in production using repatriated landraces, but 38 % of 
them disagreed. Further, many respondents (44 %) observed that they sold less outputs 
to the markets, but 31 % of them confirmed they had more surplus for the markets. The 
respondents were also divided about whether the program generated more income from 
market sales, and about the same number of interviewees responded yes and no.  

 
Of the overall participants, 105 farmers (or 65 %) stated that the main reason why they 
stopped cultivating the repatriated material was production loss due to abiotic stresses, 
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especially loss from frost and hail (n=33), which affected their production areas during 
extreme cold conditions. Other reasons for abandoning cultivation were biotic stresses, 
insufficient labor force or knowledge by the farming household, and lack of planting ma-
terial. 
 

4.5. Discussion 
 
Since 1997, CIP’s repatriation program has contributed to re-diversifying Andean potato 
production systems while creating nutritional, economic, and traditional benefits to the 
farmers. This re-diversification was enabled by a dynamic model of conservation, involv-
ing diverse stakeholders, so that 135 Andean communities in Peru received 14,950 land-
race samples, constituting 1,519 unique landrace cultivars.  

 
The survival analysis showed that, on farms, much of the repatriated material did not sur-
vive the first 4 years, but later, the survival rate stayed relatively constant for 10 years, 
ranging between 36 % in year 5 and 18 % in year 15 (Figure 3). This means that once the 
challenges during the first few years of repatriation are overcome and farmers have more 
experience with the redistributed material, the likelihood of survival stabilizes. The diffi-
culties included factors such as lack of knowledge, time, labor force, or planting materials. 

 
Meng et al. (1998) and Meng (1997) stated that farmers must have an intrinsic or under-
lying preference for landrace diversity if a landrace conservation program is to be suc-
cessful. This preference is a prerequisite for diversity cultivation and conservation. The 
cultural and historical ties of Andean smallholder communities to the potato crop are 
strong (de Haan, 2006), as the Andes are the place of origin for the potato crop. 

 
The factors that increased the likelihood of long-term maintenance of the repatriated ma-
terial on farms (Table 5) are in line with the large body of literature that has analyzed on-
farm (potato) diversity and the factors that contribute to landrace cultivation. The char-
acteristics of the plot manager, who is mainly responsible for the plots where the repatri-
ated material is grown, largely influenced survival times. Our finding is that, in compari-
son to females in charge of the plots with repatriated material, male plot managers were 
more likely to abandon the repatriated landraces earlier. In the literature, a shared custo-
dianship is described, as both female and male household members impact diversity, even 
though they are responsible for different tasks (Gruberg et al., 2013; de Haan, 2006). Our 
gender variable cannot provide information on such a shared custodianship, as the survey 
only asked for the gender of the person who is mainly responsible for the potato plots 
with repatriated material. In Andean smallholder communities, women usually conduct 
the tuber selection after harvest, where they decide which tubers are best used for home 
consumption, sale, seed potatoes, and traditional methods of preservation. It is also con-
sidered their responsibility to safeguard the seeds for the next season (de Haan, 2006). 
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These tasks and the high use value of potato diversity increases the chances for their long-
term maintenance.  

 
Like other studies, we found that older farmers were more likely to maintain repatriated 
landraces. Older farmers usually have more experience with potato production and 
stronger traditional ties to the crop and its production and likely place more value into 
conservation of the potato landraces. These factors are considered to positively influence 
farming household’s landrace diversity and maintenance (Perrault-Archambault, 2007; 
Kruzich and Meng, 2006; Cromwell and van Oosterhout, 2000). On the other hand, espe-
cially in the very heterogenous and high-altitude farming systems in the Andes, older-
aged farmers were also found to have lower potato diversity. This is because maintaining 
potato diversity requires an extensive labor force, which can be reduced due to illnesses 
or other factors. For example, Gruberg et al. (2013) found that farmers between 25 and 
55 years of age have the greatest variety portfolio. We hypothesize that our finding was 
influenced by the pronounced rural exodus of this age group due to migration and the 
strong traditional connections of older age groups to the repatriated material. Further ev-
idence suggests that the presence of elderly farmers, and not necessarily their active con-
servation, enhances diversity (Negri, 2003).  

 
The labor supply of households is determined by the number of its members who partic-
ipate in the potato production, and it can be reduced by off-farm work and migration (Gru-
berg et al., 2013; Winters et al., 2006; Hellin and Higman, 2005). In the Andes, potato pro-
duction is very labor intensive, as it is no input farming, and studies on potato diversity of 
Andean farming households found that an increased number of available labor enhances 
its potato portfolio (Arce et al., 2019; de Haan, 2009; Zimmerer, 1991). Also, in our model, 
the effect of internal and external labor force was statistically significant.  

 
Another important variable determining a household’s human capital resources is educa-
tion. Our results showed that higher education levels increased survival times. In context 
with the other results, we think that more education particularly helps the repatriated 
material enhanced diversity to survive during the first critical years, as educated farmers 
face fewer challenges regarding access to information. 

 
Wealth had a small effect, according to the model results. Literature suggests inconsistent 
effects of wealth to agrobiodiversity. On one hand, higher potato diversity levels might 
prevail among poorer farmers, as they need it for their sustenance and risk management 
strategy. On the other hand, less well-off farmers might not have the possibilities to man-
age great potato diversity due to labor, time, and knowledge disadvantages. Several au-
thors have previously argued that custodian farmers are among the “better-offs” (Lüt-
tringhaus et al., 2016; Perrault-Archambault, 2007; Winters et al., 2006; Smale and King, 
2005a, 2005b; Cromwell and van Oosterhout, 2000; Zimmerer, 1996). In contrast, 
Wealthier farmers also profit most from political changes in the Andes (Zimmerer, 1996), 
and they can maintain high potato diversity levels as they possess more land, they can 
afford to remunerate additional workers, and they can buy seeds. Again, these are factors 
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that increase the intrinsic motivation of farmers for diversity, and hence, lead to a higher 
likelihood of maintaining the material. Gruberg et al. (2013) found that middle to middle-
low income farmers cultivate the greatest number of potato varieties. They have more 
land than the poorest families but not as much income as well-to-do families. Hence, they 
cannot afford a great variety of potato substitutes and must cultivate a high level of potato 
diversity to assure food security.  

 
Similarly, our duration analysis showed that the likelihood of survival increased with 
higher average levels of food insecurity at the district level where the household is lo-
cated. In the study area, potato landraces are usually planted as “chaqru”, which is a mix-
ture of landraces for risk management (de Haan, 2009). In combination with the hetero-
genous farming landscape stretched over numerous altitudinal belts (Winters et al., 
2006), chaqru allows farmers to harvest different plots over the year and to stretch fresh 
potato harvests over longer periods of the year (Smithson and Lenné, 1996; Clawson, 
1985).  

 
The location of the households determines survival times. Our analysis showed that the 
material survived longer in the south of Peru. The southern region is an important center 
of potato landrace diversity and includes the department of Cuzco, where the tourism sec-
tor is strong due to the world heritage site of Machu Picchu. Also, the Potato Park was 
established in this region, which is globally the largest in situ conservation area of agro-
biodiversity (Hall, 2019). The higher survival times in the south might also be also influ-
enced by the longstanding ties between some of the communities and CIP’s principal po-
tato curator, who fostered and built strong relationships with the farmers in these areas. 
Further, there could be more potato substitutes in the central zone, as agriculture there is 
less potato-centered. The importance of location and the underlying preference for land-
race diversity are crucial for diversity (Arce et al., 2019, Meng, 1997).  

 
The benefit and change analysis revealed that the repatriation program contributed to 
improving the livelihoods and food security of participating farmers. The program in-
creased family nutrition by having a positive impact on food quantity, dry matter content, 
yield, production, etc. Further, the possibility to use some of the repatriated material for 
traditional processing techniques, such as chuño (freeze-dried potato for longer-term 
storage), supports food security, as it provides readily available food when the fresh tu-
bers are depleted. Also, the culinary diversity was increased by providing landraces with 
new tastes and textures. “Having the luxury of choosing from a wide array of cooked cul-
tivars is a welcome diversification within a diet dominated by potatoes.” (de Haan, 2009). 
The interviewed women benefited especially from this diversity, and they perceived a sig-
nificant health benefit for their families.  

 
Economic and cultural benefits, such as a union of traditional and scientific knowledge, 
were noted by survey respondents, suggesting that farmers perceived and implemented 
the dynamic model of conservation in practice. These findings underscored that farmers 
recognized the private economic value of repatriated landraces. Devaux et al. (2020) 
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showed that there is evidence of an emerging value of potato landraces and the benefits 
they induce, partly because of new culinary trends. These values and incentives are crucial 
to understand the in situ maintenance of landraces (Smale et al., 2001; Meng et al., 1998). 
Further, the analysis revealed that the process of repatriation, including the multiplica-
tion of material by farmers, created a sense of ownership for in the program, which can 
facilitate the long-term benefits of the program and its future upscaling activities. Owner-
ship can be also supported by famers’ perception of benefits for women. Our findings in-
dicated that not only was the main objective of the program (recovery of lost landraces) 
(Ellis et al., 2020; Huaman et al., 2000;) achieved but that farmers’ perceived benefits were 
varied beyond this primary aim. In line with our findings, other analyses of on-farm 
maintenance projects of crop diversity in the Andes showed that these programs served 
a dual purpose by fostering in situ conservation while creating positive livelihood out-
comes (Bellon et al., 2015). 
 
The need to support farmers’ adaptation capacity was underscored by the finding that the 
main reasons for a loss of the repatriated material are abiotic and biotic stressors. Climatic 
and environmental conditions have been changing the Andean region (Arce et al., 2019; 
Hock et al., 2019), and hence, plots or altitudinal belts where specific landrace cultivars 
grew before they were lost might not be suitable anymore, as farmers have needed to 
move upslope to deal with the changing conditions. Also, it is possible that the adverse 
conditions that lead to the loss of plots in the first place persist, and hence, they contribute 
again to the loss of landraces. Future monitoring should integrate these aspects to detect 
the main driving factors of loss.  
 
Many farmers also stated that they lack enough farm laborers to maintain the repatriated 
material. The duration model confirmed that a smaller labor force in the household in-
creased the likelihood of abandoning the repatriated landrace. Further, a lack of 
knowledge was mentioned as a limiting factor for maintenance of repatriated material. 
Here, the gap between generations becomes evident: younger farmers often prefer to seek 
education and labor opportunities in urban areas, which inhibits an intergenerational ex-
change to convey the knowledge on potato production. Other studies have also found that 
a shift from one generation to the next led to landrace loss (McLean-Rodríguez et al., 
2019). This risk could be decreased by intergenerational apprenticeships between older 
and younger farmer generations. 

 
It is important to note that the reasons for loss of repatriated material are highly inter-
connected and are often location and landrace specific (McLean-Rodríguez et al., 2019). 
Ideally, solutions require comprehensive local monitoring or mentoring of farmers to act 
as a connection between the participating farmers and CIP (in cases where advise is 
needed).  

 
Another reason for abandonment was related to the organization and management of the 
program. This underlined that any repatriation program requires a solid institutional 
structure and long-term institutional commitment to multiply the repatriated material in 



                                                                                      4. Dynamic guardianship of potato landraces 

92 

sufficient quantity so that all willing farmers receive material and ensure the future suc-
cess of the program. Disorganization was pronounced in two specific communities, and 
the selection process for participating communities was adjusted accordingly. 
 
Our study is the first comprehensive description and evaluation of CIP’s 20-year-old re-
patriation activities and the first analysis to apply a duration model to study the long-term 
survival of landraces on household farms. The analyses were based on a solid set of data: 
passport data on the repatriated accessions, a household survey on the changes induced 
by the repatriated material, and interviews with involved CIP staff. Thus far, the repatria-
tion program is part of the routine genebank work at CIP and has not been institutional-
ized as an individual project or received specific programmatic support. Such a transfor-
mation could enhance the repatriation work and help to generate further evidence of im-
pacts to small holder farmers in Peru and beyond.  
 
The household data set was very comprehensive and detailed, yet there were some limi-
tations. A few well-established variables for duration analyses, such as the potato plot or 
farm size, were not included in the questionnaire, and therefore, could not be integrated 
in our model. We had a limited number of quantitative and continuous variables per 
household and used recall data for the duration model, which means that farmers might 
have incorrectly recalled how long they have been planting repatriated material. There-
fore, if such factors are to be included in the future, monitoring is advised and should be 
done in close collaboration with experts in survey design and socioeconomics. Another 
limitation was that the accession a household received from CIP through its community 
organization was not well documented, and we could not analyze how survival times dif-
fered according to specific accessions or their traits. Such information could be valuable 
for future identification of potentially valuable landraces. Nevertheless, it is again im-
portant to note that the risk-minimizing planting strategy, chaqru, was most valuable due 
its overall trait spectrum of landraces. Further, since we had no information on farmer-
to-farmer distribution of the repatriated material, we could not deduce the survivability 
of repatriated material beyond an individual household to the community scale or beyond 
the individual community to multiple communities. This last element is crucial for con-
servation strategies.  
 

4.6. Conclusions 
 
Our analyses have led to the first comprehensive description of the potato repatriation 
activities conducted by the CIP genebank. Further, we identified household and commu-
nity factors that foster long-term maintenance of the repatriated landraces and the per-
ceived benefits of repatriation for participating farmers and their communities.  
Since 1997, CIP’s repatriation program has contributed to re-diversifying Andean potato 
production systems by redistributing a diverse and balanced set of landraces. This re-di-
versification was enabled by a dynamic model of conservation, involving diverse 
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stakeholders, so that 135 Andean communities in Peru received 14,950 landrace samples, 
constituting 1,519 unique landrace cultivars. Due to climatic and demographic changes, it 
is vital to revive and maintain the rich agricultural systems in the Andes and allow genetic 
resources to naturally adapt and evolve. Overall, a third of the interviewed participating 
farmers still conserved the repatriated material. The duration analysis showed that most 
farmers abandoned the repatriated material in the first few years after receiving the ma-
terial, but afterwards, from year 5 to 15, survival probability reached a plateau where it 
then decreased in a relatively narrow range from 36 % (year 5) to 18 % (year 15). Signif-
icant factors in the duration analysis and reasons cited by farmers for loss of the repatri-
ated material were diverse and ranged from a shortage in labor force and knowledge, abi-
otic and biotic stressors, to community disorganization. Most participating farmers con-
firmed that they perceived a multitude of benefits induced by the repatriation, even if they 
stopped to planting the material. The most mentioned benefits were the recovery of lost 
landraces and nutritional benefits. The program has fulfilled its main objective to return 
lost landraces by distributing healthy planting material, increasing farmers’ food security 
as well as the intraspecific potato diversity they manage. These results show that the pro-
gram goals are is very complex and highly interlinked with other factors that influence 
farmers’ livelihood. One factor is climate change, which is altering growing conditions at 
an unprecedented speed and intensity, including through abiotic and biotic stressors. 
Also, environmental degradation, urbanization, and changes in dietary and lifestyle pref-
erences have intensified the changes in farming communities in the Andes.  

 
We provide evidence that a continuation or upscaling of CIP’s repatriation activities gen-
erates benefits to food insecure regions and is a way to improve the livelihoods of many 
farming communities that depend on potato production for sustenance and traditions. 
Due to the large number of smallholder farmer communities in Peru and other Andean 
countries, the upscaling potential of the repatriation activities would be large and would 
require substantial investment. Up to and including the year 2020, 135 different commu-
nities have participated in the repatriation program, but there are about 6,000 small-
holder communities in Peru (Pajuelo Teves, 2019; Diez-Hurtado, 2011). This means that 
0.02 % of the communities have participated so far and that many more could benefit 
from the program by receiving clean and diverse planting material. To continue the repat-
riation work, support and funding must be secured.  
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5. General discussion 
 
It is well established that technological change has positively driven agricultural produc-
tion and the quality of produce. Hence the security and level of food and income have im-
proved tremendously and continue to do so. In the future further changes and innovations 
are necessary to adapt to the quickly changing growing conditions altered by a changing 
climate, consumer demand, and other factors. Further mitigation is crucial to decrease the 
environmental and climatic effects of the sector while providing food and income for a 
growing population. Therefore, it is important to better understand the impacts created 
by different technologies and innovations. Locally adapted and healthy PGRFA which can 
be exchanged and adopted along the agricultural value chain, are one important technol-
ogy strain. To better assess their economic value and provide insights for future research 
as well as for decision and policy making, this thesis presents three case studies that ex-
amine the economic value of PGRFA exchange and adoption. 

 

5.1. Summary on research findings and lessons learned 
 
The research presented in this thesis shows that it is highly beneficial to exchange and 
adopt cultivars. The heterogenous pattern of agricultural practices around the globe has 
created a large diversity of PGRFA, be it varieties bred by professional plant breeders or 
farmer-saved landraces, which are well-adapted and suitable for the specific conditions 
where farmers plant them. As agroecological conditions, management practices, customs, 
policies are highly differentiated, there is no one fits all solution. To portray some of this 
variation, this thesis analyzes two cultivation systems: intensive, large-scale winter wheat 
production aimed at commercial interests in Germany and extensive smallholder potato 
production on small plots in the Andean highlands of Peru with the primary goal of home 
consumption. Also, with regard to the PGRFA use system, these systems differ. But irre-
spective of the particular system characteristics, PGRFA are the very basis for our agricul-
tural food systems and agri-food economies.  
 
By portraying two distinctive agricultural food systems, the presented research contrib-
utes to answering the question “What is the economic effect of exchanging and adopting 
genetic resources?” and adds further facets to the body of literature which investigates 
the economic effect of plant genetic resources. To date, the economic analysis of genetic 
resources is underrepresented in the literature, despite their importance for technologi-
cal change, food security, agricultural production, and livelihoods. This thesis investigates 
important aspects of plant genetic resources, their adoption and exchange. Both activities 
are preconditions for making use of the innovations that can spur technological change. 
Without adoption potential advancements cannot be translated into real-world improve-
ments such as more resilient crop production through increased resistances. Neverthe-
less, also the adoption of older cultivars such as landraces can create benefits such as cli-
mate change adaptation or site-specificity and cultural embeddedness. 
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The second chapter of this thesis describes, for the first time, the economic effect of ex-
changing PGRFA during the winter wheat breeding process in Germany. The exchange 
and access are enabled by the breeders’ exemption and thanks to the comprehensive 
multi-year and multi-location trial data a unique historical analysis of old and new winter 
wheat varieties could be conducted. The lessons learned from this first article are that the 
vast majority (91 %) of the considered winter wheat varieties, released between 1966 
and 2013 in Germany, was created with exchanged breeding material. Further, the ex-
emption created a large sectoral surplus of between 19.2 and 22.0 billion EUR for the pro-
duction years 1972 to 2018 as those varieties with external parents had a higher market 
penetration. Varieties for whose creation material was exchanged were planted on an 8.5 
times larger area than those varieties without exchanged material. Hence, varieties with 
exchanged parental material contributed the largest share to Germany’s winter wheat 
production.  
 
The third chapter considers the next step in the breeding workflow, the actual breeding 
of new winter wheat cultivars, and in particular resistance breeding. With a unique, his-
torical data set, gross margin estimations and multivariate linear regressions, we were 
able to show that resistance breeding has significantly increased wheat gross margins due 
to higher plant health and yield levels. As plants became more resistant due to breeding 
efforts plant health is maintained even in the presence of pathogens. Hence, it became 
more likely with modern cultivars that reduced or no fungicide applications increase 
gross margins. Fungicide applications are costly due to the product and application costs 
and therefore can decrease farmers’ income, in particular if resistant plants uphold good 
health levels without fungicides. 
 
The fourth chapter sheds light on another set of PGRFA: landraces. Further it connects the 
PGRFA use system elements conservation and cultivation, as the paper analyzes the re-
distribution of potato landraces from the genebank to Andean farmers. With survival and 
benefit analyses, we assessed the outputs, processes, in situ survival time of the redistrib-
uted material and benefits. Here the lessons learned are that genebank’s repatriation pro-
gram constitutes a dynamic model of in situ and ex situ conservation. Further, we were 
able to identify the survival time of the repatriated material. Most farmers (56 %) aban-
doned the material within the first four years, but survival times stabilize from year 5 to 
15. Survival time shortening and prolonging household characteristics were identified. 
Special attention should be given to these to improve the program and material survival. 
The program generated many benefits, predominantly regarding nutrition and culture. 
Hence this chapter creates evidence for the effectiveness of in situ conservation projects, 
which according to Bellon et al. (2015) is much needed.  
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5.2. Capabilities, limitations and future research needs 
 
The pedigree analysis of all varieties planted in the comprehensive field trials has allowed 
us to detect which varieties were created with exchanged breeding material. So far, this 
has not been done for a data set like this, representing 50 years of breeding efforts in one 
country. Further the use of a variety-specific multiplication area as a proxy for the variety-
specific area planted, made it possible to scale the effects of exchanging PGRFA up to the 
sectoral level. Lastly the effect could be quantified with an economic surplus approach. To 
detect the impact of exchanging breeding material on German winter wheat production, 
we chose to compare variety groups which differ in their extent of exchanged parent ma-
terial. If data was available, it would be best to compare two winter wheat breeding sys-
tems which are comparable yet different in their regulatory framework governing PGRFA, 
i.e., one system with the breeders’ exemption and one without. As such systems and data 
are not available this was not possible, and hence a comparison of variety groups was 
carried out instead. In the future it would be very interesting to compare these results 
with similar studies in other winter wheat breeding regions. Therefore, specific data is 
necessary, which is currently scarcely available or accessible.  
 
By cause of comprehensive field trial data, we were able to quantify the microeconomic 
effect of 50 years of resistance breeding in Germany in chapter 3. Due to data availability, 
the analysis was limited to resistances to fungal pathogens. In order to further improve 
the understanding of the economic effects of resistance breeding, future research should 
assess other pests and diseases. Therefore, data needs to be generated and available 
which allows researchers to disentangle the sole effect of breeding, and resistance breed-
ing in particular. In the face of unprecedented climate change, it is also of uttermost im-
portance to single out the effect of breeding for tolerances against e.g., heat or water 
stress, on plants’ phenotypic traits, and consequently its economic effect. The results of 
such research could help to efficiently allocate funding for research and development in 
the plant breeding sector and prioritize funding policies. 
 
The research presented in the fourth chapter presents the first economic analysis of land-
race maintenance by smallholder farmers. To assess CIP’s repatriation program the dura-
tion and benefit analysis are well suited. The analysis mainly relies on household survey 
data. 
 
All three papers presented in this thesis, explore the economic effect of exchanging and 
adopting PGRFA. Therefore, they present new and advanced knowledge to a relatively 
small body of literature.  
 
In general, the biggest limitation for this research was the unavailability or inaccessibility 
of data despite inquiries at major research institutions. In order to create more empirical 
evidence of the economic effect of exchanging and adopting PGRFA, further accessible re-
search is needed on different genetic resources, ranging from main staple crops to wild 
relatives, in diverse regions and agricultural systems with diverse seed sectors and 
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PGRFA governing systems. Such research could support decision- and policy-making, and 
also resource allocation to e.g., invest in those crops where a high return is estimated or 
the crops which are most important for regional food security and climate change adap-
tation. For such decision-making, reliable and accessible time series data on changes in 
crop traits such as grain yield is necessary. Ideally such data has been generated under 
constant or known management, input, field, and weather conditions. Time series data as 
provided e.g., by FAOSTAT provides national averages, and hence is not sufficient to in-
vestigate changes attributable to breeding. Further traits such as resistances to fungal dis-
eases, water-use-efficiency and drought tolerance are not available. Considering the pres-
sures on agriculture, in particular climate change, such traits are indispensable to adapt 
to changing conditions. 
 
Consequently, field trial data could help to close this research gap and disentangle the 
breeding-induced impacts on crops and food security. Due to costs, limited labor force 
and other reasons, ideal field trial setups are rarely met and creating timelines remains a 
great challenge. Most trials are done for a limited set of varieties for the most important 
food crops (rice, maize, wheat, and potato). Following that the challenge remains to con-
clude from these individual cases to entire breeding programs. Historical data such as the 
one used here in the first two publications is very valuable for this endeavor. The analyses 
are based on field trial data created by the research consortium Breeding Innovations in 
Wheat for Resilient Cropping Systems (BRIWECS) and are explained and published in 
Voss-Fels et al. (2019). Such data offers very valuable insights for plant sciences and agri-
cultural economics but are scarce. Apart from field trials, crop growth models which con-
sider the interactions between genotype, environment, and management (GxExM) could 
provide valuable data if their analysis is variety-specific. Further, to estimate the use value 
of PGRFA realistically, adoption rates must be known or estimated. For example, in Ger-
many this data can be collected from publications by the Federal Plant Variety Office (Bun-
dessortenamt), but such data is unavailable or inaccessible in some world regions. 
 
Also, for decision-making the efficiency or return to investments is important to best al-
locate funding and priorities and also project growth in the agricultural sector. Neverthe-
less, data on the investments to one form of PGRFA-use, plant breeding, remains scarce. 
This is due to several reasons. Private companies might not want to display the costs of 
their breeding programs because they do not want to display confidential data and create 
possible market disadvantages. And even with data on the costs of a breeding program, 
the challenge remains to disentangle basic research (e.g., with model plants), applied re-
search that creates new varieties, or the knowledge and equipment shared amongst dif-
ferent entities. Annual financial reports of the companies do not allow to single out the 
costs for breeding. And also, when breeding is carried out by government agencies or pub-
lic institutions such as universities, the data might not be free to use or accessible. Again, 
this has several reasons such as exclusive use of the data by the collecting institution’s 
researchers or a lack of capacity to make the data available and prepare it for internal or 
external users.  
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One option to estimate the investments in plant breeding, is the “bottom-up-method” sci-
entists count or an estimation of the costs of scientific labor. This method quantifies the 
number of full-time equivalents working in public plant breeding and based on salary data 
the corresponding costs for breeding are calculated. For public breeding research in Ger-
many, which is predominantly basic research or pre-breeding, the Federal Statistical Of-
fice has so far only collected data for universities and does not include public research 
institutes, which are the main stakeholders with regard to public breeding in Germany. 
Also, project-funding data such as compiled by the Information System for Agriculture 
and Food Research (FISA) could be used for this but creates a short time-series. The com-
pilation and provision of a timeline with a complete scientist count would be very valuable 
for future research. Another option to estimate the investment in plant breeding is “top-
down” starting at the broader level from general agricultural research and development 
spending, to estimating the share of breeding for a specific crop. But also, for this approach 
data scarcity remains a challenge, especially the estimation of the breeding- and crop-
specific share.  
 
Improved data would not only allow to analyze different aspects regarding the adoption 
and exchange of PGRFA, but also to merge it with other data sets intended for other re-
search goals. For example, the global land use allocation model Model of Agricultural Pro-
duction and its impact on the Environment (MAgPIE) contains a technological change fac-
tor for calibration. This factor considers climate change adaptation through plant breed-
ing and other innovations following the Hayami-Ruttan model (Ruttan and Hayami 1984; 
Ruttan 1977; Hayami and Ruttan 1971a, 1971b). This model is described as one of the 
most influential theories of agricultural development (see Capalbo and Antle, 2016 and 
Ruttan et al., 2011). Hayami and Ruttan framed a theory of induced technological and in-
stitutional innovation, which treats these as endogenous. They hypothesize that relative 
prices influence public sector institutions and thus their investments in agricultural re-
search and development which in turn affect the state of technology of a country or region. 
If one factor of production becomes scarcer and thus its price increases, technological in-
novations are induced to reduce the use of that factor. Hence technological change is a 
dynamic process or response to a country’s economic and environmental endowments. 
The developers of the model MAgPIE (Dietrich et al., 2014) also assume that technological 
change is endogenous. This technological change factor quantifies how much must be in-
vested in plant breeding (and other agricultural research and development) to achieve a 
certain yield increase after e.g., arable land area has decreased due to land use change. 
This means that e.g., diminishing land resources lead to yield-increasing innovations in 
breeding. Availability and access of the above-mentioned data could help to validate the 
technological change factor and hence improve research on climate change adaptation 
and mitigation and further ameliorate the evidence base for policy making. Ideally, data 
on the investments in breeding should be published by each breeding facility, whether 
private, public, or a combination thereof, once a year or when new varieties are released.  
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6. General conclusion 
 
The research presented in this thesis has shown that the exchange and adoption of PGRFA 
improve overall agricultural production and livelihoods by contributing to sectoral and 
microeconomic benefits, decreasing the necessary input used to uphold production levels, 
increasing food security and cultural embeddedness. These improvements have further 
implications for farmers, communities and beyond as the environmental sustainability of 
agricultural production is improved, too.  
 
The results of the second chapter call to maintain or create regulatory frameworks that 
enable an exchange of breeding material amongst plant breeders as this generates a sec-
toral surplus. A free access to PGRFA creates benefits for breeders, farmers, and society 
in general. While resistance breeding, described in the third chapter, shows that newer 
improved varieties are more resistant to fungal pathogens and hence could thrive with 
less costly fungicide applications. This produces benefits for farmers, the environment 
and society. The analysis of the fourth chapter can contribute to improving the repatria-
tion program and therefore ensure long-term in situ maintenance of PGRFA. Findings 
demonstrate the use value of PGRFA redistributed from genebanks to farmers.  
 
In combination all three papers provide more evidence on the economic impact of good 
variety choice, under the precondition that the PGRFA can be accessed and used. The re-
search presented here gives quantitative and qualitative evidence on the economics of 
exchanging and adopting PGRFA, in two very diverse systems: intensive German wheat 
production and extensive potato production in the Peruvian Andes. Therefore, this thesis 
makes an important contribution to the scarce literature on the value of PGRFA. This the-
sis presents novel research findings. For the first time the impact of exchanging breeding 
material on crop production is assessed. Further, disentangling and estimating the micro-
economic impact of resistance breeding constitutes a novelty. And also, for the first time, 
an economic model is applied to estimate the on-farm survival time of landraces.  



7. Presentations 

107 

7. Presentations of the dissertation papers 

• Prior to the publication of this thesis, the work described above was presented by 
Sophia Lüttringhaus at the following conferences and scientific fora. “Dynamic 
guardianship of potato landraces by Andean communities and the CIP genebank”, 
Annual Genebank Meeting of all CGIAR genebanks, November 25, 2021. 

• “Repatriating potato landraces to Andean communities – The integrated exchange 
between in suit and ex situ conservation”, 2nd International Agrobiodiversity Con-
gress, November 18, 2021. 

• “Repatriation of potato landraces”, Webinar of the CGIAR Research Program on 
roots, tubers, and bananas (RTB) Tapping into the genetic diversity of RTB crops 
in their hotspot’s areas for a more resilient food system, October 28, 2021. 

• “Revival and Survival of Potato Landraces in the Andes “, Organized session Gene-
banks Hedging Bets for Tomorrow’s Agri-Food Economies, 16th Congress of the Eu-
ropean Association of Agricultural Economists (EAAE), July 22, 2021. “The eco-
nomic impact of exchanging breeding material: An ex-post assessment of winter 
wheat production in Germany”, Cereals 2021: Cereal stress adaptation and resili-
ence, June 1, 2021. 

• „Austausch von Zuchtmaterial in der deutschen Winterweizenzüchtung: Eine ökono-
mische Analyse für Deutschland”, Fachtagung Dialog Grün, De-novo-Domestikation: 
Erforschung und Erschließung pflanzengenetischer Ressourcen, PSC Fachtagung, 
ETH Zürich, June 2, 2021. 

• “The economic impact of exchanging breeding material: An ex-post assessment of 
winter wheat production in Germany”, Meeting of the Genebank Impacts Fellowship 
established by the CGIAR Genebank Platform and Crop Trust, September 17, 2020.  

• “The economic impact of the breeder’s exemption”, Various updates on the continu-
ous work within the research consortia Breeding Innovations for Resilient Wheat 
Cropping Systems (BRIWECS) at regular project meetings from January 2018 to 
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• “The breeders’ exemption - Economic and environmental impacts on winter wheat 
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