
The need to enhance crop, livestock and 
aquatic genetic diversity in food systems

Malou van der Sluis, Niels Anten, Esther van Asselt, Gerbrich Bonekamp, Theo van Hintum, 
Rolf Michels, Marjon Navarro, Jeanne Nel, Nico Polman, Sipke Joost Hiemstra

Together with our clients, we integrate scientific know-how and practical experience 
to develop livestock concepts for the 21st century. With our expertise on innovative 
livestock systems, nutrition, welfare, genetics and environmental impact of livestock
farming and our state-of-the art research facilities, such as Dairy Campus and Swine 
Innovation Centre Sterksel, we support our customers to find solutions for current 
and future challenges.

The mission of Wageningen UR (University & Research centre) is ‘To explore 
the potential of nature to improve the quality of life’. Within Wageningen UR, 
nine specialised research institutes of the DLO Foundation have joined forces 
with Wageningen University to help answer the most important questions in the 
domain of healthy food and living environment. With approximately 30 locations, 
6,000 members of staff and 9,000 students, Wageningen UR is one of the leading 
organisations in its domain worldwide. The integral approach to problems and 
the cooperation between the various disciplines are at the heart of the unique 
Wageningen Approach.

Wageningen UR Livestock Research
P.O. Box 65 
8200 AB Lelystad
The Netherlands
T +31 (0)320 23 82 38
E info.livestockresearch@wur.nl
www.wageningenUR.nl/livestockresearch

Livestock Research Report 0000
ISSN 0000-000 Report 1385





 
  

 

 

Report 1385 

 

The need to enhance crop, livestock and 
aquatic genetic diversity in food systems 

Malou van der Sluis1, Niels Anten2, Esther van Asselt3, Gerbrich Bonekamp1, Theo van Hintum4, Rolf Michels5, 
Marjon Navarro6, Jeanne Nel7, Nico Polman5, Sipke Joost Hiemstra1 

1 Wageningen Livestock Research 

2 Plant Sciences, Wageningen University 

3 Wageningen Food Safety Research 

4 Wageningen Plant Research 

5 Wageningen Economic Research 

6 Wageningen Food & Biobased Research 

7 Wageningen Environmental Research 

 This research was carried out by Wageningen Livestock Research and subsidised by the Dutch Ministry of 
Agriculture, Nature and Food Quality, within the framework of KB Research theme ‘Food security and Water’  
(project number KB-35-007-001). 
 

Wageningen Livestock Research 
Wageningen, August 2022 
 



van der Sluis, M., N.P.R. Anten, E.D. van Asselt, G. Bonekamp, T.J.L. van Hintum, R. Michels, M.E. Navarro, 
J.L. Nel, N.B.P. Polman, S.J. Hiemstra, 2022. The need to enhance crop, livestock and aquatic genetic 
diversity in food systems. Wageningen Livestock Research, Public Report 1385.

Short summary Biodiversity loss is a global threat and biodiversity for food and agriculture is particularly 
relevant in the context of our food systems. This report discusses the current status and trends of crop, 
livestock and aquatic genetic diversity, in relation to food systems. The impact of decreasing or enhanced 
use of crop, livestock and aquatic genetic diversity – within and across species and varieties – is discussed in 
relation to four different food system dimensions: 1) safe and healthy diets, 2) food security, 3) 
inclusiveness and equal benefits, and 4) sustainability and resilience. To this end, both a literature review 
and stakeholder and expert interviews were used. We provide a conceptual framework for assessing trade-
offs of different measures and strategies for increased use of crop, livestock and aquatic genetic diversity. 
We furthermore highlight key topics for future research and policy recommendations in this area.  

Korte samenvatting Verlies van biodiversiteit is een wereldwijde bedreiging en met name de biodiversiteit 
voor voedsel en landbouw is relevant in de context van onze voedselsystemen. Dit rapport bespreekt de 
huidige status van, en trends in, de genetische diversiteit in gewassen, vee en aquatische soorten, in relatie 
tot voedselsystemen. De impact van afnemend of toenemend gebruik van genetische diversiteit in gewassen, 
vee en aquatische soorten – binnen en tussen soorten en variëteiten – wordt besproken in relatie tot vier 
dimensies van het voedselsysteem: 1) veilige en gezonde voeding, 2) voedselzekerheid, 3) inclusiviteit en 
gelijke voordelen, en 4) duurzaamheid en veerkracht. Hiervoor is gebruik gemaakt van zowel een 
literatuuronderzoek als interviews met stakeholders en experts. In dit rapport bieden we een conceptueel 
kader voor het beoordelen van de wisselwerking tussen verschillende maatregelen en strategieën voor het 
vergroten van het gebruik van genetische diversiteit in gewassen, vee en aquatische soorten. Verder 
benoemen we een aantal belangrijke richtingen voor toekomstig onderzoek en beleidsaanbevelingen op dit 
gebied.

This report can be downloaded for free at https://doi.org/10.18174/575252 or at www.wur.nl/livestock-
research (under Wageningen Livestock Research publications). 
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Summary 

Biodiversity loss is a global threat and biodiversity for food and agriculture is particularly relevant in the 
context of our food systems. This report discusses the current status and trends of crop, livestock and 
aquatic genetic diversity (CLAGD), in relation to food systems. The impact of decreasing or enhanced use of 
CLAGD – within and across species and varieties – is discussed in relation to four different food system 
dimensions: 1) safe and healthy diets, 2) food security, 3) inclusiveness and equal benefits, and 4) 
sustainability and resilience. To this end, both a literature review and stakeholder and expert interviews were 
used. We furthermore highlight key topics for future research and policy recommendations in this area.  
 
Overall, the literature indicated that genetic diversity, in particular the use of genetic diversity in food 
systems, shows a declining trend and that clear consensus on standards for measuring and monitoring 
CLAGD is lacking. Lack of agreed and proper indicators and data collection are considered to be limiting 
factors in this. Adequate conservation and sustainable use of CLAGD is pivotal, yet despite increasing efforts, 
major gaps remain. In the long run, the decline in CLAGD can pose serious threats, including increased 
disease and pest vulnerability, reduced resilience and insufficient diversity in breeding crops or animals for 
other or changing systems or circumstances. Decreased or enhanced use of CLAGD may (indirectly) affect all 
four food system dimensions. The expert and stakeholder interviews highlighted several major barriers for 
addressing the decline in CLAGD, including the observation that stakeholders and major supply chains 
respond to retail and consumer or societal demands (for example from NGOs), but that substantial incentives 
for increasing biodiversity, including enhanced CLAGD in food systems, from consumers, or regulations, are 
currently lacking. It appears that supply chains and consumers generally aim for an increased sustainability 
of production in the broad sense, with limited direct attention for species and breed diversity within systems, 
and increased genetic diversity is not seen as a goal in itself. Moreover, it is not clear who should or could 
initiate major changes or transitions, regarding improved or enhanced use of genetic diversity. Primary 
production is regarded as the most important part of the food chain where changes can be made. Yet this 
also requires subsequent links in the supply chain to act, from breeding to the consumer.   
 
Actors and stakeholders involved in designing or developing food systems, would benefit from an assessment 
framework through which they can assess trade-offs of different measures and strategies for enhancing 
CLAGD. We developed a first outline for such a conceptual framework, in which we make explicit the trade-
offs and synergies of different potential interventions and their effects on different indicators for the four food 
system dimensions. In this framework, trade-offs and synergies can be shown in relation to each other, to 
see at a glance what interventions have overall positive effects and are therefore of interest for broad 
implementation. In the current conceptual framework, only a selection of measures is included as an 
example. In the future, this framework can be developed into a more structured overview of measures and 
their expected outcomes (indicators by food system pillar). 
 
Key topics for future research and policy recommendations include actions on the general topics of 1) data 
and monitoring (e.g., implement standardised guidelines and indicators for monitoring of CLAGD), 2) 
research (e.g., research should aim to address the problem as a whole, instead of separately studying 
subcomponents of the issue), 3) societal awareness and market incentives (e.g., increase consumer 
awareness for the importance of CLAGD in food systems and promote diversity through marketing), 4) 
technology (e.g., more attention for and investment in technologies that can handle diversity), 5) public 
policies, regulations and both public and private financial incentives (e.g., develop and implement regulations 
and incentives to maintain and to make available a broader range of species and quality varieties or breeds 
to producers and value chains), and 6) commercial parties in the food system (e.g., breeding companies 
could broaden their portfolio). It is important to keep in mind that different interventions may interact, and, 
therefore, it is recommended that close attention is paid to the effects of these interventions on other 
components of biodiversity or food systems as well, to determine whether there are no negative or unwanted 
side effects of these interventions. 
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1 Introduction 

Biodiversity is the variety of life at genetic, species and ecosystem levels (FAO, 2019a). Biodiversity thus 
encompasses three levels: 1) ecosystem diversity, defined as the variety of biotic communities, diversity of 
habitats, ecological  processes  within  an ecosystem, or the patterns found within a landscape, 2) species 
diversity, defined as the variety and abundance of different types of organisms (often including variety in 
their functional traits) that inhabit an area, and 3) genetic diversity, defined as the combination of different 
genes (or alleles) found within a population of a single species (Hammen and Settele, 2011). The subset of 
biodiversity that contributes in one way or another to agriculture and food production is generally termed 
‘biodiversity for food and agriculture’ (BFA) (FAO, 2019a). BFA includes plant (crop) genetic resources, 
animal (livestock) genetic resources, forest genetic resources, aquatic genetic resources and microbial and 
invertebrate genetic resources (FAO, 2019a). In this report, we focus on crop, livestock and aquatic genetic 
resources, that is, the genetic diversity between and within species and breeds/varieties of crop, livestock 
and aquatic species. We refer to this part of BFA as crop, livestock and aquatic genetic diversity (CLAGD). 
 
Biodiversity is currently declining (IPBES, 2019) and different drivers play a role in this decline. For example, 
genetic diversity in crops has decreased over the years, through selection for increased yields and crop 
quality (Ahlemeyer et al., 2006), and lack of conservation of the lower yielding species. This decline is 
predicted to continue, due to, for example, changing consumer demands, climate change and pollution. Since 
not all species can easily adapt to changing environments, this will result in a decline in species (Fatima et 
al., 2020). Moreover, the distribution of species or breeds used in food production is strongly skewed, with a 
few species constituting the largest part of production. 
 
The increase in agricultural production has been associated with global dominance of a limited number of 
crops. Out of a global estimated 391,000 vascular plant species known to science (RGB Kew, 2016), only 
around 6,100 species are cultivated for food (IPK, 2021), and only 200 of these had significant production 
levels at a global scale in 2014 (FAO, 2019a). Moreover, 66% of all crop biomass production worldwide 
comes from only nine crop species: sugar cane, maize, rice, wheat, potatoes, soybeans, oil-palm, sugar beet 
and cassava (FAO, 2019a).  
 
In the livestock sector, the number of terrestrial animal species used is also small. A total of 38 species are 
recorded in the Global Databank for Animal Genetic Resources (FAO, 2019a) and, of these species, several 
are again used more than others: for instance, six species, poultry (37%), pigs (35%), beef cattle and 
buffalo (21%), and sheep and goats (5%), make up 98% of the global meat production (Our World in Data, 
2021). In terms of milk, cattle (81%), buffaloes (15%), goats (2%), sheep (1%) and camels (0.5%) 
together make up 99.5% of the world milk production (FAO, 2022). 
 
In aquaculture, around 1,800 aquatic species (about 1% of the species globally found; based on numbers 
reported in FAO (2019a)) were harvested by capture fisheries globally in 2016 (FAO, 2019a) and based on 
an analysis from 2015, it appeared that 33.1% of fish stocks were estimated to be overfished, 59.9% were 
maximally sustainably fished and only 7.0% were underfished (i.e., had an abundance above the level  
corresponding to the maximum sustainable yield; FAO, 2018a).  
 
Overall, these numbers highlight the limited or skewed representation of species in agriculture, aquaculture 
and fisheries, but there are some nuances to these general trends. Particularly in food systems, optimal use 
of the genetic diversity within species is as important as the number of species used and their contribution to 
total production. Increased specialization and intensification in agriculture generally goes hand in hand with 
the dominance of a limited number of high-performing breeds or varieties. As a consequence, a major part of 
genetic diversity within species of livestock and crops is at risk of extinction. The current state of 
conservation and use of crop, livestock and aquatic genetic resources will be summarized in this report. 
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BFA currently receives a lot of attention. For example, One Planet Business for Biodiversity (OP2B) was 
launched at the United Nations Climate Action Summit in New York in September 2019, which is an 
international, cross-sectorial business coalition on biodiversity in agriculture, aiming to drive change and 
action regarding cultivated and natural biodiversity protection and restoration (OP2B, 2021). Moreover, the 
Commission on Genetic Resources for Food and Agriculture of the Food and Agricultural Organization of the 
United Nations is addressing BFA, aiming to reach international consensus on strengthening policies for 
sustainable use and conservation of genetic resources for food and agriculture, as well as fair and equitable 
sharing of benefits derived from their use (FAO, 2021a). Among other elements of biodiversity, the 
conservation and sustainable use of BFA is also within the scope of the Convention on Biological Diversity 
(CBD, 2010).  
 
The first global assessment of biodiversity for food and agriculture (FAO, 2019a) states unequivocally that 
“biodiversity for food and agriculture is indispensable to food security [..]”. It highlights that biodiversity is 
needed at all levels - genetic, species and ecosystem - to address the challenges in our food systems. For 
example, it is stated that biodiversity may reduce dependency on external inputs that may be costly or 
harmful to the environment, and may generally improve the resilience of production systems and livelihoods. 
However, the exact role of biodiversity, in terms of risks and opportunities, in our food systems requires 
further investigation.  
 
This report focusses on the current status and trends in CLAGD, provides an inventory of what is known 
about the role of CLAGD in our food systems, for four different food system dimensions (safe and healthy 
diets, food security, inclusiveness and equal benefits, and sustainability and resilience (Van Berkum et al., 
2018); Figure 1), and highlights key topics for future research and policies in this area. This is done through 
literature review as well as stakeholder and expert interviews. It starts with a broader outline of the current 
state of use and conservation of CLAGD, followed by a description of the four food system dimensions. Then, 
the role of CLAGD for each of these four dimensions is discussed separately. This is followed by an overview 
of the outcomes of stakeholder and expert interviews. Finally, a conceptual framework of potential 
interventions related to the use of CLAGD, and their respective consequences for the four food system 
dimensions, is presented, as well as final conclusions and recommendations. 

 

Figure 1 Overview of crop, livestock and aquatic genetic diversity in relation to four food system 
dimensions.  

 

 

Crop,  
livestock and 

aquatic genetic 
diversity 
(CLAGD) 
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2 State of use and conservation of BFA 

Many components of BFA seem to follow a declining trend. Major global drivers for changes in BFA include 
changes in climate, international markets and demography (e.g., population growth). These global drivers 
may give rise to more immediate drivers of change as well, such as pollution or land use changes. It is 
important to note, however, that the situation is complex and that different drivers may interact (FAO, 
2019a). Adding to the complexity is the lack of data on specific resources or areas. In terms of genetic and 
species diversity, a range of different aspects can be monitored regarding the state of use, and the extent 
and frequency of monitoring varies largely between domains and across the world.  
 
Within BFA, the conservation and sustainable use of CLAGD is pivotal. This is highlighted in the second 
Sustainable Development Goal - End hunger, achieve food security and improved nutrition and promote 
sustainable agriculture, Target 2.5, which is to “maintain the genetic diversity of seeds, cultivated plants and 
farmed and domesticated animals and their related wild species, including through soundly managed and 
diversified seed and plant banks at the national, regional and international levels, and promote access to and 
fair and equitable sharing of benefits arising from the utilization of genetic resources and associated 
traditional knowledge, as internationally agreed” (United Nations, 2015). To monitor this target, three 
different indicators were developed for plants and animals. For plants, the indicator Number of plant genetic 
resources for food and agriculture secured in medium or long term conservation facilities (ex situ in gene 
banks) was introduced for monitoring on a global level (indicator 2.5.1a). The number of plant genetic 
resources secured has been growing over the past years and had reached a value of 5.7 million in 2020 
(FAO, 2021b). For animal genetic resources (farm animals), two different indicators were introduced: 1) 
Number of animal genetic resources for food and agriculture secured in medium or long term conservation 
facilities (ex situ in gene banks; indicator 2.5.1b), and 2) Proportion of local breeds classified as being at risk 
of extinction (indicator 2.5.2). Regarding the first indicator, out of a global total of 7,700 registered local 
breeds (including extinct ones), only 8.7% have some genetic material stored, and of these only 2.7% have 
sufficient material stored to allow them to be reconstituted. Regarding the second indicator, 74% of the 
breeds are deemed at risk of extinction (FAO, 2021b).  
 
However, there appears to be no clear consensus on how to exactly measure and monitor the state of 
conservation and use of CLAGD. The sustainable development goal (SDG) target 2.5 and the indicators used 
for monitoring genetic resources seem to focus mostly on the conservation of genetic resources, rather than 
on its use in the field or on farm. Moreover, the SDG indicators do not take into account the genetic 
resources of aquatic species. Ideally, different approaches for conservation and use of crop, livestock and 
aquaculture genetic resources are combined and complementary. However, despite increasing efforts to 
conserve genetic material, major gaps remain. In the remainder of this section, we will discuss in more detail 
how the level of use of diversity is measured, what the current status of use is, what the trends and drivers 
are in the use of diversity, and what the state of conservation is, for crops, livestock and aquaculture 
separately. The observations are also summarized in Tables 1 and 2. 

2.1 State of use and conservation of crop genetic resources 

For crops, the number and abundance of species used in agriculture is often used as the main indicator of 
the status and trends of biodiversity. A widely applicable indicator for within-species diversity is not yet 
available (FAO, 2019a). Measuring within-species diversity could, however, be informative for trends in the 
diversity grown in agricultural systems, and could for example be achieved through metrics such as allelic 
diversity or richness, or nucleotide diversity (Hughes et al., 2008). However, even though DNA-based 
technologies are developing fast and are becoming cheaper, and the availability of genomic data is 
expanding rapidly, the required frequency and scale for genetic diversity monitoring are not always reached 
(Dulloo et al., 2021). The need for more or better indicators of genetic diversity has been recognized (e.g., in 
regards to the Convention on Biological Diversity (Hoban et al., 2020)).  
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Table 1 Summarizing overview of state of use of CLAGD. 

 Crops Livestock  Aquatic species 

Indicators • At species and varieties level 

• Richness and abundance of 

species 

• At breed level 

• Richness and abundance of 

breeds 

• Risk status of breed (SDG 

indicator) 

• Mainly at species level 

• Richness and abundance of 

species 

• Status of marine fish stock 

(over/under fished) 

• Number of species farmed in 

aquaculture 

Status • 6,100 species for cultivation, only 

200 with significant production 

levels globally 

• 66% of all crop production 

worldwide comes from only nine 

crop species 

• 38 domesticated species for 

agriculture 

• 600 local breeds already extinct, 

26% at risk of extinction, 7% not 

at risk, 67% unknown 

• 1,800 species being captured by 

fisheries 

• 694 species farmed in 

aquaculture 

• 33% of fish stocks overfished 

• More species farmed now than 

ever before 

Trends • Global diversity is declining, also 

diversity within farmers’ fields 

• Declining • Percentage of fish stocks at 

sustainable level has declined 

Drivers • Change from traditional to 

“modern” production system 

• Land clearing, overgrazing, and 

environmental degradation (FAO, 

2010) 

• Global growth in demand of 

animal-source food 

• Changing production systems 

• Disease epidemics 

• Increasing wealth, urbanisation 

• Habitat loss, pollution 

• Introduction of invasive species 

 
 
Table 2 Summarizing overview of conservation state of CLAGD. 

 Crops Livestock  Aquatic species 

Indicators • At species, variety and gene 

bank accession level  

• Links with geographic 

distributions and habitats 

• Attempts to combine in situ and 

ex situ conservation data 

• SDG 2.5.1: “Plant genetic 

resources accessions stored ex 

situ (number)” 

• Breed level within relevant 

species 

• SDG 2.5.1 and 2.5.2: “Number of 

local breeds for which sufficient 

genetic resources are stored for 

reconstitution” and “Proportion of 

local breeds classified as being at 

risk as a share of local breeds 

with known level of extinction 

risk” 

• Mainly species level, e.g., 

number of farmed or fished 

species (FAO, 2019b) 

• In situ protected areas 

• Ex situ conservation both in vivo 

and in vitro (e.g., live gene 

banks and breeding centres) 

• Breeding programs and ex situ 

methods need to be further 

developed 

Status • Global holdings in 2020 reached 

5.7 million accessions conserved 

in 831 gene banks (United 

Nations, 2021) 

• Major gaps in ex situ 

conservation of 93% of crop wild 

relatives in US (Khoury et al., 

2020) 

• Risk status of 61% of local 

breeds unknown 

• Of limited number surveyed, 

74% deemed at risk of extinction 

(United Nations, 2021) 

• Material in gene banks only 

sufficient for breed reconstitution 

for 203 out of 7,700 local breeds 

(United Nations, 2021) 

• Most reporting countries have ex 

situ in vivo conservation 

programmes, together covering 

approx. 290 species (FAO, 

2019b) 

 
In the absence of more accurate indicators, the level of genetic erosion (i.e., loss of genetic diversity (FAO, 
1997)) and consequent genetic vulnerability (i.e., a condition resulting from a uniform susceptibility of a crop 
to a pest, pathogen or environmental hazard due to its genetic constitution (FAO, 1997)) resulting from a 
decline in genetic diversity in agricultural systems can be approached by the extent to which single varieties 
are dominant across large areas of land (FAO, 2019a). In terms of use of diversity, currently out of a global 
391,000 known vascular plant species (RGB Kew, 2016), only around 6,100 species are cultivated for food 
(IPK, 2021), even though it has been suggested that there are more than 50,000 edible plants in the world 
(MacEvilly, 2003). Of the species that are cultivated for food, only 200 have significant production levels at a 
global scale (FAO, 2019a). Moreover, 66% of all crop food biomass production worldwide comes from only 
nine crop species: sugar cane, maize, rice, wheat, potatoes, soybeans, oil-palm, sugar beet and cassava 
(FAO, 2019a). As mentioned earlier, a global analysis assessing the diversity within species is lacking, but it 
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is clear that the diversity of crop wild relatives has decreased in some areas, especially those where climatic 
conditions are changing and species migration is limited by ecogeographical barriers (FAO, 2019a). Also the 
diversity in farmers’ fields seems to be decreasing for some crops in certain areas and countries (FAO, 
2010), although it must be noted that others report no substantial reduction in the regional diversity of crop 
varieties released by plant breeders (van de Wouw et al., 2010). Several studies furthermore report that 
there is erosion of crop genetic diversity (e.g., Mathur (2011)). Khoury et al. (2020) performed threat 
assessments for 600 native taxa of crop wild relatives and observed that 28% may be vulnerable, 50% may 
be endangered and 7.1% may be critically endangered in their natural habitats. One driver for the reduction 
in diversity is the conversion from traditional to ‘modern’ production systems, which is noted to often lead to 
genetic erosion, being associated with poor conservation of traditional landraces and varieties, which hence 
have become rarer or disappeared (Dulloo et al., 2021; FAO, 2019a). Land clearing, population pressure, 
overgrazing and environmental degradation are additional factors contributing to genetic erosion (FAO, 
2010). 
 
Plant genetic resources are mostly conserved ex situ in gene banks, in the form of seeds, living plants, plant 
tissue or pollen (FAO, 2010). The status of conservation varies largely and depends on the country and crop. 
For major crops like wheat and rice, a large part of the genetic diversity is represented in collections, but for 
many other crops and wild relatives extensive collections are still lacking (FAO, 2010). For instance, in a 
United States inventory it was indicated that there were major ex situ conservation gaps for 93% of the wild 
relatives (categorized as urgent or high priority) (Khoury et al., 2020). Moreover, clear documentation of 
gene banks is often missing (FAO, 2010), making it difficult to get an exact overview of the diversity that is 
conserved. Furthermore, the reliability of the gene bank in terms of conservation of, and access to, the 
material varies between gene banks and is often very low, although objective data about the status of ex situ 
conservation are not available. Nonetheless, the available data suggest an increase of ex situ conservation of 
20% from 1996 to 2010 (FAO, 2010). In addition to ex situ conservation, crops or crop wild relatives are 
sometimes conserved in situ, that is, on farms or in (semi)natural ecosystems (FAO, 2010). Possible 
indicators for in situ monitoring include (changes in) geographical distribution, habitat diversity, species 
richness, species abundance, phenology and biotic interactions, and threat status (discussed in Dulloo et al. 
(2021)). An indicator combining information for functional wild plants was developed by Khoury et al. 
(2019). This indicator, termed ‘comprehensiveness of conservation of useful wild plants’, measures the 
extent of conservation of wild plant species in gene banks and other ex situ living plant repositories, as well 
as in protected areas, and combines the species level results to create the indicator at various scales (Khoury 
et al., 2019). 

2.2 State of use and conservation of livestock genetic 
resources 

For animal genetic resources, diversity is often measured at the breed level, not the species level. The 
indicator for diversity that the FAO uses, is the proportion of breeds being at risk of extinction. Breeds are 
categorized as 1) at risk, 2) not at risk, 3) extinct, and 4) of unknown risk (FAO, 2019a). However, this 
approach treats all breeds equally, regardless of their significance to the overall diversity of the species 
(FAO, 2019a). Moreover, the within-breed genetic diversity is not considered, which would be informative for 
genetic erosion estimation. In terms of use of diversity, the number of terrestrial animal species used in 
agriculture is low. In total, 38 species are recorded in the Global Databank for Animal Genetic Resources 
(FAO, 2019a) and several are used more than others: for meat production, poultry (37%), pigs (35%), beef 
cattle and buffalo (21%) and sheep and goats (5%) have the highest contributions to the total global meat 
production (Our World in Data, 2021). In terms of milk, cattle (81%), buffaloes (15%), goats (2%), sheep 
(1%) and camels (0.5%) together make up 99.5% of the world milk production (FAO, 2022). From an 
analysis in 2018, it appeared that of the 8,803 livestock breeds that are recorded by the FAO, 7,745 breeds 
were classified as local breeds (i.e., present in only one country) and 594 of these are extinct (FAO, 2019a). 
Of the remainder of the local breeds, 26% were classified as being at risk of extinction, 7% was not at risk 
and the status of 67% of the local breeds was unknown (FAO, 2019a). Clear conclusions regarding trends 
and drivers in the use of diversity are lacking. A major reason for the difficulty in monitoring the risk status 
of breeds in many countries is the lack of regularly updated data on the size and structure of breed 
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populations (FAO, 2019a). Keeping the limitations in the state of reporting in mind, there does seem to be a 
small decrease in the percentage of local breeds classified as being at risk (29 to 26%), in the period from 
2006-2014 (FAO, 2019a). At the same time, however, the percentage of local breeds with unknown status 
increased. Major challenges for the sustainable management of livestock genetic diversity include economic 
drivers and changing market demands, weaknesses in animal genetic resource management programmes, 
policies and institutions, degradation of (or limited access to) natural resources, climate change and disease 
epidemics (FAO, 2015). 
 
For conservation of animal genetic resources, both in situ and ex situ approaches are used, that are 
generally considered complementary to each other (FAO, 2019a). The in situ conservation of animals is 
defined as support for continued use by livestock keepers in the production system in which the livestock 
evolved or are now normally found and bred (FAO, 2015), and in the broader sense also includes actions 
targeting feral populations or the wild relatives of domesticated animals (FAO, 2019a). Actions related to in 
situ conservation strategies might involve increasing the demand of products and services from at-risk 
breeds, supporting the livestock keeper, and activities focused on the breeding programme (FAO, 2019a). Ex 
situ conservation of animals can be done either in vivo, defined as maintenance of live animal populations 
not kept under their normal management conditions and/or outside the area in which they evolved or are 
now normally found, or in vitro, defined as conservation under cryogenic conditions including the 
cryoconservation of embryos, semen, oocytes, somatic cells or tissues having the potential to reconstitute 
live animals at a later point in time (FAO, 2015). As reported for SDG 2.5 in the year 2021, the risk status of 
61% of local livestock breeds was yet unknown, and of the limited number of local livestock breeds that was 
surveyed, 74% are considered at risk (United Nations, 2021). Only for 203 out of a total of 7,700 local 
livestock breeds, sufficient material is stored in gene banks for reconstitution of the breed (United Nations, 
2021). This highlights that there are still large gaps in the conservation of animal genetic resources. 

2.3 State of use and conservation of aquatic genetic resources 

FAO (2019b) defines aquatic genetic resources as encompassing DNA, genes, chromosomes, tissues, 
gametes, embryos and other early life history stages, individuals, strains, stocks and communities of 
organisms of actual or potential value for food and agriculture. They include both farmed aquatic species and 
their wild relatives. The genetic distinction between wild and farmed populations is for many species less 
clear than in the two other categories, crops and livestock, as there has been less breeding and there is often 
significant gene flow between populations in aquatic systems. In the aquatic sector, measurement of 
diversity at the intra-species level is less developed than for crops and terrestrial animals (FAO, 2019a). The 
status of marine species that are targeted by fisheries is defined by the categorisation of species as being 
overfished, maximally sustainably fished or underfished (i.e., with an abundance above the level  
corresponding to the maximum sustainable yield; FAO, 2019a). For inland fisheries, analysis of this kind is 
not (yet) available. Currently, the diversity of species used in aquaculture is mainly evaluated by the total 
number of species that is farmed. However, species diversity is not always a good indicator for genetic 
diversity, as there is only a weak association between intraspecific genetic diversity and species richness for 
both marine and freshwater species (Manel et al., 2020). In terms of use of diversity, around 1,800 aquatic 
species were harvested by capture fisheries globally in 2016 (FAO, 2019a). Based on an analysis from 2015, 
it appeared that 33.1% of marine fish stocks were estimated to be overfished, 59.9% were maximally 
sustainably fished and 7.0% were fished below that maximum level (FAO, 2018a). In 1974, only 10% of the 
stocks were overfished, so the number of species being overfished is rising (FAO, 2018a). Nowadays, 694 
species are farmed in aquaculture, which is likely more than ever before (FAO, 2019a). Data from other 
aquatic systems is often lacking and it is therefore difficult to determine the status of species in those 
systems. Subsequently, limited information on trends in diversity changes is available for those systems. 
Overall, the main global drivers for degradation of aquatic ecosystems include the growing human population 
and consequent industrialisation, urbanisation and agricultural intensification (Verdonschot et al., 2013). 
 
For aquatic species, there are both in situ and ex situ conservation efforts. The conservation of aquatic 
species in situ is mainly done through the establishment of protected areas and sustainable fishery methods 
(FAO, 2019a). Conservation of aquatic resources was for example part of the Aichi Biodiversity Targets under 
the Convention on Biological Diversity’s Strategic Plan for Biodiversity 2011–2020 (Convention on Biological 
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Diversity, 2021). One of the targets was for governments and other stakeholders to establish protected areas 
for 17% of their terrestrial and inland waters and 10% of their marine areas by 2020. Ex situ conservation of 
aquatic species, on the other hand, can be done with live organisms, for example through maintenance and 
captive breeding in zoos, aquaria and live gene banks, or in vitro (FAO, 2019a). However, embryos and eggs 
of aquatic species are difficult to preserve and consequently only the male gamete can be effectively 
cryopreserved (FAO, 2019a). Of the countries assessed in FAO (2019a), 75% indicated that they implement  
ex situ conservation activities at the national level for aquatic species of national relevance, covering around 
290 species in 690 ex situ collections. 
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3 Food system dimensions 

To assess the (potential) effect of increasing or decreasing CLAGD in food systems, we use the food systems 
approach by Van Berkum et al. (2018), to capture different aspects of food systems and their associated 
challenges. The food systems approach identifies four main dimensions: 1) safe and healthy diets, 2) food 
security, 3) inclusiveness and equal benefits, and 4) sustainability and resilience (Figure 2).  

 
 

Figure 2 Infographic of the food systems approach, showing the four dimensions and the 
interconnectedness between drivers (although the geometry of the cogs unintendingly implies a 
blockage). From Wageningen University & Research (2021a). 
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The safe and healthy diets domain is concerned with the question of how to ensure that our food, nutrition 
and lifestyle habits result in good health outcomes. The food security domain encompasses the question of 
how the food system can be organised to ensure that sufficient food is produced safely for everyone and in a 
growing population. The inclusiveness and equal benefits domain focuses on the question of how the food 
system can contribute to a level playing field for everyone, including producers and consumers. The 
sustainability and resilience domain is focused on how the food system can be organised in an 
environmentally sustainable way, that is resilient to, for example, animal disease crises or trade boycott (Van 
Berkum et al., 2018). In this respect, a sustainable food system can be defined as a food system that 
delivers food security and nutrition for all in such a way that the economic, social and environmental bases to 
generate food security and nutrition for future generations are not compromised (FAO, 2018b), and 
resilience can be defined as the ability to cope with perturbations and the rate and speed of recovery after 
their occurrence (Van Berkum et al., 2018). Figure 2 shows the food system dimensions and their 
interconnections. Three categories of drivers are described: 1) the food supply system and food system 
activities, 2) socio-economic drivers, and 3) environmental drivers, and biodiversity is mentioned as one of 
the environmental drivers that (indirectly) affects all four dimensions. In the coming sections, the exact role 
that CLAGD, as a major biodiversity component and being an environmental driver as well as a part of the 
food system itself, can play in the different food system dimensions will be elaborated on. 
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4 CLAGD in relation to safe and healthy 
diets 

Safe and healthy diets form the first food system dimension in which CLAGD plays a role. Biodiverse diets 
are diets that contain a wide variety of diverse food products. Diets can be biodiverse at different levels: food 
group biodiversity (such as fruits, vegetables and cereals), within-food group biodiversity (e.g., within the 
food group fruits one has apples, mangos, bananas and more) and within-species biodiversity (e.g., within 
apples one has Golden Delicious, Elstar and more) (Kennedy et al., 2017). At the national level, food 
consumption has diversified over the past 50 years. For example, rice was previously the predominant crop 
in Southeast Asia, but this has now shifted towards other crops. However, these shifts at country level, 
overall, have led to a more homogeneous crop availability around the globe (Khoury et al., 2014). Empirical 
evidence in Tajikistan suggests that there are positive linkages between crop diversity and dietary diversity 
(IFPRI, 2020). Biodiverse diets can be promoted through food-based dietary guidelines (FBDGs). FBDGs are 
a set of guidelines given by governments on how citizens can eat well, for example to promote healthy and 
sustainable diets (Gonzalez Fischer and Garnett, 2016). To promote biodiversity in FBDGs, the consumption 
of foods produced in ways that conserve and make sustainable use of biodiversity can be recommended 
(FAO, 2019a). An associated risk of such an approach is overexploitation of resources to meet the new 
demands, and therefore close monitoring of ecosystems’ health is required (FAO, 2019a).  
 
In this section, we will discuss the effects of reduced or enhanced CLAGD in relation to safe and healthy 
diets. 

4.1 Human disease 

Several studies report positive effects of (bio)diverse diets on human health. Positive relationships have been 
observed between agricultural biodiversity (and associated biodiverse diets) and child anthropometric status, 
especially regarding the height-for-age z-score (Jones, 2017; Tobin et al., 2019). Moreover, biodiverse diets 
have been linked to lower probabilities of obtaining chronic non-communicable diseases (NCDs) such as 
cancer and cardiovascular diseases (Johns and Eyzaguirre, 2006). At the global level, an increase in NCDs 
has been observed due to a shift in diets towards energy-rich and processed products that are based on a 
limited number of crops (Ebert, 2020; Khoury et al., 2014), and indeed more diverse diets containing fruits, 
vegetables and nuts have been shown to positively affect human health (Ebert, 2020). The increase in NCDs 
is, however, more likely related to the type of foods and the processing and preparation of the foods than to 
the biodiversity of the diet per se. Confounding factors such as lifestyle also impact the prevalence of NCDs 
(Wagner and Brath, 2012). 

4.2 Diet nutritional composition 

Although a direct link between diverse diets and human health may be difficult to establish, diversity in the 
diet has been shown to be positively correlated to the nutritional composition of a diet: increased biodiversity 
in the diet contributes to achieving the recommended daily intake of nutrients (Kennedy et al., 2005). 
Nutritional diversity is needed to meet the complex human nutritional needs and a loss in biodiversity results 
in a reduced intake of nutrient rich foods (Allen et al., 2014). Species and varieties should thus not only be 
selected based on yields, but also on nutritional composition (FAO, 2017). In this section, we will discuss the 
relationship between biodiversity and the nutritional composition of diets for crops, livestock and 
aquaculture. 
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4.2.1 Crops 

Different crop varieties are known to differ in nutritional factors, such as carotenoids, proteins, minerals and 
vitamins. For example, differences in zinc uptake and translocation are reported in different millet 
genotypes: 319 finger millet genotypes were analysed and large variation in zinc concentration was observed 
between the genotypes ranging from 10 to 86 µ/g grain (Yamunarani et al., 2016). Another example are 
genetic differences that are observed between cowpea varieties regarding protein composition, Fe and Zn 
levels. These varieties can be used to setup a cowpea breeding line with improved nutritional values 
(Muranaka et al., 2016). Differences between crops have also been observed. According to the International 
Fund for Agricultural Development (IFAD), various neglected and underutilized species have high nutritional 
values. For example, quinoa or millet have similar or higher nutritional values than common commodities 
such as rice or wheat (IFAD, 2021). Other studies also stress the importance of underutilised crops in their 
contribution to nutritional security (see e.g., Ebert (2014), Gregory et al. (2018)). Differences between 
developed and developing countries have been reported, where the latter have more diverse crop portfolios, 
as is reported for African countries (Johns and Eyzaguirre, 2006). However, in developing countries, 
agriculture is also becoming more intensive and commercialized, leading to a decrease in traditional dietary 
diversity and thus impacting the nutritional value of the diet (Johns and Eyzaguirre, 2006; Khoury et al., 
2014). A systematic literature review showed that traditional diets containing a variety of local plants and 
animals contribute to human health by impacting nutritional composition and energy intake, although strong 
evidence is absent (Penafiel et al., 2011). It has also been reported that, in general, a positive correlation is 
seen between agrobiodiversity or crop biodiversity and nutrition (e.g., dietary diversity, nutrient adequacy or 
intake of nutritious foods; Powell et al., 2015). A diet with a high number of species has been shown to 
positively influence micronutrient intake, which is especially relevant for low and middle-income countries. 
Both reviews indicate that the relationship between biodiversity and human health has primarily been studied 
in highly biodiverse ecosystems (in Latin America and Africa), simply because of their high biodiversity, and 
information for industrial areas is lacking (Penafiel et al., 2011; Powell et al., 2015).  

4.2.2 Livestock  

The knowledge of the health effects of inclusion of livestock-based products in a mainly plant-based diet is 
still incomplete, yet recent scientific advances suggest that largely plant-based diets contribute more to 
improved health than to causing disease, compared to meat-based diets (Sabaté, 2003). In a review of 
mainly EPIC-Oxford study results, Key et al. (2021) discuss several differences between groups of people 
consuming vegan, vegetarian or meat-based diets. Plant-based diets are typically linked to low intakes of 
saturated fat and high intakes of dietary fibre, as well as potentially low intakes of specific micronutrients 
(e.g., vitamin B12, calcium). Vegetarians and vegans generally have lower BMIs, which can be expected to 
reduce the risk of obesity-linked disease but increase the risk of disorder linked to being underweight. In 
terms of major diseases, Key et al. (2021) report that, in comparison to meat-eaters, vegetarians have 
reduced risks of ischaemic heart disease, diabetes (not BMI-adjusted), any type of cancer (all cancers 
combined), diverticular disease, kidney stones and cataracts. For vegans in comparison to meat-eaters, the 
risks of diabetes, all cancers, diverticular disease and cataract were also reduced. However, meat-eaters 
were observed to have lower risks of stroke, fractures and gallstones (adjusted for BMI) in comparison to 
vegetarians and lower risks of fractures in comparison to vegans (Key et al., 2021). All-cause mortality was 
not found to be different between meat-based and vegetarian diets (Appleby et al., 2016). It is important to 
note, however, that vegetarians and vegans may have different overall lifestyles, and may be more 
concerned with their health, which could have had a confounding role in these observed effects.  

Compositional differences have been observed in local cattle breeds from developing countries. However, 
conclusions with respect to nutritional values between broadly-classified commercial and local breeds could 
not be drawn as, apart from breed diversity, management practices (such as diet and slaughter age) also 
affect the nutritional composition of the meat (Barnes et al., 2012). A study of two different pig genotypes, 
under identical nutritional and management conditions, has shown that there is variation between pig breeds 
in meat nutritional composition, for example in terms of intramuscular fat, dry matter, monounsaturated 
fatty acids, iron and zinc (Palma-Granados et al., 2018). Also within livestock breeds there is genetic 
variation in nutritional composition of animal products. For example, there appears to be genetic variation in 
fatty acid profiles of bovine milk (Bobbo et al., 2020). 
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4.2.3 Aquaculture 

Marine biodiversity is indicated to be needed in order to offer healthy seafood diets (Bernhardt and O’Connor, 
2021). Information of 801 marine animal taxa was combined and it was shown that, although protein levels 
were comparable, there were distinct differences in micronutrient profiles. Bernhardt and O’Connor (2021) 
advocate that, like other animal food products, a diverse seafood diet is a healthier diet fulfilling the needs 
with respect to vitamins, minerals and essential fatty acids. This is especially true for communities that 
depend on local seafood harvest. The authors indicated that the nutritional values of a seafood diet increased 
with species richness, thereby advocating the need for biodiversity. Or vice versa, when biodiversity 
decreases, a higher seafood consumption is needed in order to meet the recommended daily intakes of the 
various nutritional factors (Bernhardt and O’Connor, 2021). Co-culturing fish and rice is shown to increase 
biodiversity and nutritional sources, providing vitamins, minerals, some fatty acids and amino acids (Allen et 
al., 2014). 

4.3 Food safety 

There are several studies describing the effect of chemical residues in the environment on a decrease in 
biodiversity (e.g., Beketov et al. (2013); Néstor and Mariana (2019)), but there is limited information on the 
effect of a change in biodiversity on the presence of chemical or microbiological hazards in the food. In this 
section, we summarize what is known and what gaps remain. There are indications that in regions where 
pesticides are less frequently available, genetic diversity within a field can protect the entire field against 
pests (Frison et al., 2011) and increased biodiversity has been shown to decrease the need for pesticide use 
(Allen et al., 2014; Frison et al., 2011; see also Section 7). Similarly, rice-based aquaculture was shown to 
allow for a better control of vectors and pests due to fish biodiversity (Allen et al., 2014). A reduced genetic 
diversity can lead to increased susceptibility to invading microorganisms, potentially leading to epidemic 
outbreaks, which may consequently result in a pandemic threatening both animals and humans (Maillard and 
Gonzalez, 2016; Ostfeld and Keesing, 2013). There are indications that, over time, wildlife diseases and 
zoonoses have increased, and besides climate change and other factors, biodiversity loss is mentioned as 
one of the contributing factors (Schmeller et al., 2020). It must be noted that others have reported 
contrasting effects of increased biodiversity and disease prevalence (Hough, 2014). Disease risk may 
decrease due to an abundance of host species but could also increase when added species lead to alternative 
sources of infection or vector meals (in case of vector-borne diseases) (Hough, 2014). However, empirical 
studies demonstrating the latter are rare and more studies substantiate a decrease in disease transmission 
with increasing biodiversity (Ostfeld and Keesing, 2013). In general, an increase in biodiversity leads to an 
increase in resilience towards pests and animal diseases (FAO, 2019a). The mechanisms behind this 
resilience are complex and are explained in more detail in Ostfeld and Keesing (2013). Wildlife can spread 
human pathogens and to prevent wildlife access to farms, food safety regulations focus on a decrease in 
biodiversity. However, increased on-farm biodiversity has been observed to result in a more diverse 
population of insects and microbes that can rapidly remove wildlife faeces, hereby leading to a decrease in 
the prevalence of human pathogens (Jones et al., 2019).  
 
Increased biodiversity in grasslands results in the availability of a broader range of forage, which may 
contain plant toxins. Ragwort, for example, is known to have adverse effects on horses and cows due to the 
presence of Pyrrolizidine Alkaloids (PAs). Such PA-containing plants are usually avoided by grazing animals 
because of their bitter taste. However, when grasslands are harvested to produce hay or silage, cattle no 
longer recognise the potential harmful plants and may subsequently consume toxic PAs (Hoogenboom et al., 
2011; van Raamsdonk et al., 2015). This not only has detrimental effects on animal health, but may also 
impact human health, as these compounds are found to be carried over to milk (Hoogenboom et al., 2011). 
Exposure can be prevented by testing prior to harvest to prevent the presence of PAs in hay or roughage 
(Raamsdonk et al., 2010). In contrast to the positive effect of biodiversity on nutritional values, a 
detrimental effect of biodiversity on food safety was observed by Bernhardt and O’Connor (2021). Their 
analysis showed that most marine species contain low levels of the heavy metals methylmercury, cadmium, 
lead and arsenic, and only some species contain higher levels of these contaminants. Increasing the 
biodiversity also increases the exposure to a wider range of contaminants. Differences between the 
contaminants were observed, but, in general, increased species richness resulted in increased contaminant 
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levels per 100 g. These effects were seen both globally and locally (for Indigenous North American Diets) 
although the latter effects were smaller (Bernhardt and O’Connor, 2021). Moreover, it has been indicated 
that, apart from climate change and chemical pollution, structural changes in biodiversity via overfishing and 
loss of fish abundance have led to disturbances in marine ecosystems, resulting in an increase in harmful 
algal blooms (Hammen and Settele, 2011). These may lead to increased levels of algal toxins and thus food 
poisoning through the consumption of affected fish and shellfish.   
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5 CLAGD in relation to food security 

Food security forms the second dimension in which CLAGD plays a role. We follow the FAO (1996) definition 
of food security: all people, at all times, have physical and economic access to sufficient, safe and nutritious 
food to meet their dietary needs and food preferences for an active and healthy life. Often, a combination of 
food availability (consisting of production, distribution and exchange components), food access (consisting of 
affordability, allocation and preference components) and food utilization (consisting of nutritional value, 
social value and food safety components) is considered when food security is discussed (van Berkum et al., 
2018). 

5.1 Trends in food security 

 
Both food systems and food security in the 21st century are fundamentally characterised by social and 
economic change (Ericksen, 2008). Ericksen (2008) distinguishes a range of characteristics of this change, 
including intensification of food production, the growth of processing and packaging of food products, 
corporate concentration in retailing and distribution, and the rising influence of large numbers of urban 
consumers. Even though the global food production has increased substantially in the past 50 years (Godfray 
et al., 2010), approximately 12% of the global population was considered to be severely food insecure in 
2020 (FAO, 2021c). Moreover, in the next three decades, the world population will continue to increase, 
expected to rise to 9 billion in 2050, with the biggest growth occurring in areas that are already facing food 
insecurity (van Berkum et al., 2018). New projections that take the global COVID-19 pandemic into account 
indicate that hunger will not be eradicated by 2030 unless strict actions are taken, that especially address 
inequality in access to food (see also Section 6; FAO, 2021c).  
 
The FAO (2021c) has reported that the major drivers of food insecurity and malnutrition are 1) conflict, 2) 
climate variability and extremes, and 3) economic slowdowns and downturns, which are now exacerbated by 
the COVID-19 pandemic. These drivers continue to increase in frequency and intensity, and are occurring 
together more often. External (such as conflicts or climate shocks) and internal (such as low productivity and 
inefficient food supply chains) food system drivers may result in increasing costs of nutritious foods, hereby 
increasing the unaffordability of healthy diets, especially in combination with low incomes. Such increases in 
the unaffordability of healthy diets are associated with higher levels of food insecurity. Therefore, 
transformation of food systems is required, to improve resilience to these major drivers (FAO, 2021c). In the 
next section, we will discuss, in short, different approaches for this required transformation of food systems. 

5.2 Genetic diversity and food insecurity 

The FAO (2021c) highlights six pathways for achieving the required food system transformation towards 
more resilience to the earlier-mentioned drivers (conflict, climate variability and extremes, and economic 
slowdowns and downturns) and subsequent improved food security: 

1. Integrating humanitarian, development and peacebuilding policies in conflict-affected areas 
2. Scaling up climate resilience across food systems 
3. Strengthening resilience of the most vulnerable to economic adversity 
4. Intervening along the food supply chains to lower the cost of nutritious foods 
5. Tackling poverty and structural inequalities, ensuring interventions are pro-poor and inclusive 
6. Strengthening food environments and changing consumer behaviour to promote dietary patterns 

with positive impacts on human health and the environment. 
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Both food systems and food security are connected to, and dependent on, genetic resources used in crop and 
livestock breeding (Argumedo, 2021). Especially regarding point 2 of the above pathways, CLAGD plays an 
import role. As also discussed in the stakeholder interviews (see Section 8), low levels of genetic diversity 
may result in reduced resilience (e.g., regarding drought). The fact that the world’s food supplies are 
dependent on a narrowing diversity in crop species, can therefore be considered a potential threat to food 
security (Khoury et al., 2014). Global challenges in food systems are interdependent and different elements 
of food systems interact with one another. Without taking sufficient account of changes in the natural, 
technical and social systems surrounding it the food system different levels, a food system can be highly 
vulnerable as a result of a one-sided emphasis on expanding production ecosystem services, like food and 
fibre production or short-term cost minimization in the value chain. The balance within the food system can 
be disrupted by processes such as specialisation, that is, a focus on production methods which rely on single 
animal breeds and monocultures (i.e., less CLAGD), with their attendant risks for food security (e.g., due to 
pests or disease) and economics (due to large-scale losses). The use of resistant varieties and control 
measures, such as for maize, make large-scale crop failures less frequent, but do not rule out new outbreaks 
in the future (Koning et al., 2008). Genetic diversity can contribute to the prevention of disasters like plant 
diseases (see also Section 7) and can spread risks, when multiple breeds or polycultures are implemented 
(due to only part of the overall production being lost). Lack of resilience to diseases or pests could potentially 
lead to a global epidemic, which will put food security under pressure. A well-known example of this are 
bananas (Fuller, 2022): through the use of tissue propagation, identical banana plants producing consistent 
fruit are created. A large part of the worldwide banana production (around 40%) comes from a single 
variety, the Cavendish banana. While this is practical for business, the lack of genetic diversity poses them at 
a great risk for disease, and a potential consequent total wipe out of banana plants. This highlights that more 
diversity could be beneficial for food safety, both in terms of production levels for farmers and in terms of 
availability for costumers.  
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6 CLAGD in relation to inclusiveness and 
equal benefits 

Inclusiveness and equal benefits form the third dimension in which CLAGD plays a role. Food equity (that is, 
the concept of all people having the ability and opportunity to grow and to consume healthy, affordable, and 
culturally significant foods (University at Buffalo, 2022)) and inclusiveness are, alongside (healthy) diets, 
sustainability and resilience, important challenges for food systems (Brouwer et al., 2020). We define 
inclusive food systems as food systems that “reach, benefit, and empower all people, especially socially and 
economically disadvantaged individuals and groups in society” (Fan and Swinnen, 2021).  

6.1 Trends in inclusiveness and equal benefits 

The agri-food system is the world’s largest economic sector. More than 2 billion people work in the food 
system, with half of the world’s working population active in agriculture (van Berkum et al., 2018). In 
emerging and developing countries in particular, agriculture continues to be an important livelihood, and 
therefore also a social safety net. Yet the degree of social inclusion in food systems is often considered 
insufficient. The food system fails to provide most of these people with an adequate income: three-quarters 
of all farmers live in poverty (NewForesight & Commonland, 2017). This might result in a vicious circle. 
Farmers need to be able to pick those varieties that best fit their specific biophysical conditions (climate, 
pest, weed pressures), their cropping system, and other preferences (Gerullis et al., 2021). Yet, if farmers 
are unable to make this choice because they lack market or purchasing power, the resulting food system will 
be less resilient, potentially resulting in more losses and a further reduced income. Furthermore, in 2020 
there was a gender gap in the prevalence of moderate or severe food insecurity, with a 10% higher 
prevalence in women compared to men, which was an increase compared to 2019 when this was 6% (FAO, 
2021c). In 2017, around 800 million people suffered from undernutrition, while around 2.1 billion people 
worldwide were overweight or obese (Fresco et al., 2017). 

6.2 Enabling factors and barriers for inclusiveness and equal 
benefits 

Inclusiveness is interconnected with many food system related components, such as poverty, hunger, gender 
equality, job creation, innovation and infrastructure (World Economic Forum, 2017). Gaupp et al. (2021) 
note that current food systems bear hidden costs like diseases and deaths, which form a key component to 
address in the movement towards more inclusive food systems. However, discussions in policy debates on 
how this can be addressed in an outcome-oriented manner are still largely missing (Gaupp et al., 2021). To 
achieve more inclusive food systems, there is a need to understand the enabling factors and barriers faced 
within the food system by breeders, farmers, processors and consumers. Fresco et al. (2017) identify and 
discuss three critical issues that challenge the current performance of food systems, where one of the most 
pressing challenges is to develop inclusive and sustainable food systems for the rapidly expanding urban 
populations: 
 

1) Rapid urbanisation and the growth of megacities: By 2050, two-thirds of the world 
population will live in cities, where economic growth rarely keeps up with the growth of the 
city, for example resulting in challenges regarding people finding employment, and land and 
housing allocation pressures. 

2) Requirements for agro-food systems upgrading: To meet the increased (and changing) 
demand from the urban agglomerations, local agricultural production needs to diversify. 
More value can be added to agricultural products through processing, trade and packaging, 
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and although in many food systems these processes currently result in substantive losses 
through inadequate handling and infrastructure failures, it also may potentially provide new 
opportunities for employment. 

3) Management of food access, distribution and price through rural-urban linkages: 
Market resilience is vital for enabling a more inclusive food system transformation. However, 
harvest failures or increasing demands can result in sudden food price spikes. In practice, 
strategic food reserves are often maintained (at household, regional or national level) to 
address these insecurities, but this can result in market imbalances if sales are not in line 
with regular price tendencies. Alternatively, regional trade may offer a solution, and 
stabilization of food prices can also be achieved through better weather forecasting and 
insurance strategies for mitigation of losses.  

6.3 The relationships between CLAGD and inclusiveness or 
equal benefits 

The relationship between CLAGD and inclusiveness or equal benefits can work in both directions. First, 
increased CLAGD can contribute to achieving inclusiveness and equal benefits, in multiple ways. As discussed 
in more detail in Section 7, productivity, stress resilience and resource-use efficiency have been shown to 
increase in natural systems with the number of species in the system (Brooker et al., 2015). This can have a 
number of positive outcomes regarding inclusiveness and equal benefits. For example, crop diversification 
can contribute to enhanced crop production (Beillouin et al., 2021), potentially resulting in an increased 
income for farmers. Moreover, crop diversification can contribute to improved pest and disease control 
(Beillouin et al., 2021), which may stabilize farmers’ incomes through a reduction in losses. Moreover, as 
mentioned in the previous section (Section 6.2), this can also positively affect the stabilization of food 
prices. Not only crop diversification, but also integration of crops with livestock has been suggested to 
contribute to improved food security (Lemaire et al., 2014). Empirical evidence also suggests that there are 
positive linkages between crop diversity and dietary diversity in Tajikistan (IFPRI, 2020). This can be 
beneficial: when farmers have sufficient resources to be able to access a varied diet, training and basic 
healthcare, this results in a higher labour productivity (van Berkum et al., 2018). Moreover, empirical 
evidence suggests that there are positive linkages between crop diversity and agricultural productivity in 
Kyrgyzstan (IFPRI, 2020). 
 
Secondly, increased inclusiveness or equal benefits can contribute to conservation of CLAGD. If much of the 
market power in food chains is concentrated in the hands of a small number of traders and retailers who can 
set the conditions for price and quality (including genetic diversity), farmers risk to be excluded from the 
value chain if they are not able to meet the conditions of the most influential players in that chain. Yet, 
through consumer awareness and market promotion, the demand for local or traditional varieties can be 
increased (e.g., through raising awareness of the value of traditional food species for health and nutrition, or 
through influencing food policies or research agendas) (Rana et al., 2007). Farmers may receive premium 
prices for high-quality traditional varieties having specific attributes (Smale et al., 2004) and this can 
contribute to increased (incentive for) on-farm conservation of these varieties (Rana et al., 2007). 
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7 CLAGD in relation to sustainability and 
resilience  

Sustainability and resilience form the fourth food system dimension, where a sustainable food system is 
defined as a food system that delivers food security and nutrition for all in such a way that the economic, 
social and environmental bases to generate food security and nutrition for future generations are not 
compromised (FAO, 2018b), and resilience is defined as the ability to cope with perturbations and the rate 
and speed of recovery after their occurrence (van Berkum et al., 2018). Resilience was already discussed in 
the context of food security in an earlier section, but this section discusses the role CLAGD can play in 
organizing the food system in a sustainable and resilient way. The main focus of this section is a more 
elaborate study of the potential of crop diversification, but general roles of genetic diversity in livestock and 
aquaculture will also be discussed.  
 
The general public increasingly demands both affordable food and a clean, biodiverse environment. For 
example, there is now an EU ban on environmentally malign neonicotinoid insecticides. This means that 
there is an urgent need for a transition towards robust environmentally benign agricultural production 
systems, in which biodiversity and resilience are the starting point to counter external threats (Vision report 
Ministry of Agriculture, Nature and Food quality, 2019; The European Green Deal, European Commission, 
2019). Smart use of biodiversity provides major opportunities to address this challenge. Ecological research 
on natural systems has shown that productivity, stress resilience and resource-use efficiency increase with 
the number of species in the system (Brooker et al., 2015). Similarly, it is known that genetic variation 
within species can contribute to resistance and resilience in relation to (a)biotic stress.  

7.1 The potential of crop diversification 

Crop diversification can contribute to, among other things, enhanced crop production, associated biodiversity 
(that is, the biodiversity of non-cultivated plants and animals), water quality, soil quality, and pest and 
disease control (Beillouin et al., 2021), and hereby positively affect resilience and sustainability. Indeed, crop 
diversification, and especially intercropping and agroforestry, are increasingly mentioned in policy as a 
means towards the above-mentioned ecological transition towards increased resilience and sustainability of 
agriculture (see for example Game Changer Green Biodiversity as part of the 8 game changers for production 
of healthy and safe food (Three Top Sectors for enterprise and innovation in the Netherlands: Agri & Food, 
Horticulture & Starting Materials, and High-Tech Systems & Materials, 2017)). An important question regards 
the extent to which genetic diversity in crop-based systems leads to improved performance and how, in turn, 
this is related to the design of these systems. There are several means through which crop diversification can 
be achieved (Table 3). However, successful implementation hinges on two major questions: 1) does crop 
diversification contribute to better functioning of crop systems in terms of, e.g., yields, resource-use 
efficiency, resistance to pests, diseases and weeds, and effects on soil and surface water quality, and 2) if 
there are indeed significant benefits, what is preventing the broader introduction of crop diversification? In 
this section we quantitatively address the first question and reflect on the second.  

7.1.1 A meta-analysis addressing the effects of crop diversification on ecosystem 
functioning and services of crops 

We reviewed the scientific literature on the effects of crop diversification on ecosystem functioning and 
services of crops, using an analysis of available meta-analyses. In the last decades, hundreds of experiments 
comparing more diversified to less diversified crop systems have been performed. Meta-analyses review such 
studies in a quantitative way, by using results from each study as data and then performing statistical 
analyses. This can entail calculating averages and confidence intervals to estimate the average direction and 
magnitude of the effect of crop diversification on crop ecosystem performance across all studies conducted 
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and the variation in this effect. Additionally, a meta-analysis can explore relationships between crop 
performance and underlying factors, and thus is a powerful tool to determine quantitative trends that may 
exist across studies. It can, therefore, help us to address the question of how the effects of crop 
diversification relate to underlying factors. However, there are also drawbacks to meta-analyses, particularly 
the so-called publication bias, that is, the tendency of journals to accept only papers with significant (large) 
effects. There are, however, statistical techniques that can, at least to some extent, filter such biases out 
and nowadays such techniques are required prior to publication of meta-analyses. 
 
Table 3 Crop diversification approaches discussed in this section. 

Crop diversification approach Description 

Rotations Growing different crop species after each other in subsequent seasons, thus creating diversity in 

time. An important reason for doing this is prevention of population build-up of crop specific 

diseases and pests.   

Cultivar mixtures Growing more than one cultivar simultaneously on the same field (Borg et al., 2018), thus using 

intraspecific genetic diversity. 

Intercropping Growing more than one crop species on a field, thus using interspecific genetic diversity. The 

crops can be grown completely mixed (mixed intercropping) or in separate rows or strips (strip-

intercropping). The species can either be sown or harvested at the same time (simultaneous 

intercropping) or in relay (relay-intercropping). 

Agroforestry Systems in which crops (or livestock; see also Section 7.2) and trees are grown together, thus 

using both crop and wild genetic diversity. The trees may or may not produce harvestable goods. 

In this sense there is some overlap in the definitions of intercropping and agroforestry as multi-

species systems containing at least one tree crop could be defined either way. 

 
 
Table 4 Effects of different crop diversification types (see Table 3) on agro-ecosystem attributes  

(biodiversity and several agro-ecosystem functions and services), with the relative effect 
expressed in percentages and the 95%-confidence intervals of these effects between brackets. 
Data were obtained from meta-analysis. For each attribute, one or more indicators were 
considered (see Box 1). 

  Diversification type 

Ecosystem 

attribute 

Indicator1 Agroforestry Intercropping Mixed variety 

cropping 

Overall 

mean 

Reference 

Biodiversity Relative response 65 (26-105) 7 (3-12) 2 (-12–18) 24 (15–33) Beillouin et al. (2019; 

2021) 

Yield Relative response 35 (12–62) 22 (14–32) 2 (1–3) 14 (8–20) Beillouin et al. (2019; 

2021) 

 LER  23 (16–30)   Li et al. (2020); Yu et 

al. (2015) 

 Over-yielding   2 (-1– 12)  Reiss and Drinkwater 

(2018) 

 Over-yielding   3 (-40–60)  Borg et al. (2018) 

Fertilizer-use FNER  47 (20–67)   Xu et al. (2020) 

 LER - P uptake  25 (14–37)   Tang et al. (2021) 

Soil quality Relative response 19 (16–23) 11 (5–18) 0 (-25–18) 11 (7–16) Beillouin et al. (2019; 

2021) 

Disease control Relative response 59 (38–62) 66 (40–89)  41 (15–37) Beillouin et al. (2019; 

2021) 

 Relative disease 

reduction 

 38 (20–75)   Zhang et al. (2019) 

Weed 

suppression 

Relative response    60 (13–

130) 

Beillouin et al. (2019; 

2021) 

 Relative weed 

reduction 

 30 (7–54)   Gu et al. (2021) 

1See Box 1 for an explanation of these indicators 
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Table 4 shows an overview of the results of several meta-analyses that considered the effects of crop 
diversification on a number of crop performance and ecological parameters (see Box 1 for an explanation of 
how the effects of crop diversification can be calculated). To explain, all indices except LER, FNER and LER P 
uptake, indicate the relative increase (values < 0 indicate a relative decrease) in percentages with the 95% 
confidence intervals. To give an example, the ’65 (26-105)’ in top row indicates that agroforestry enhances 
biodiversity by 65% with the CI between 26 and 105%. The LER and FNER indicate the amount of land (LER 
and LER-P uptake) or fertilizer (FNER) one needs in monocrops to achieve the same yield (LER and FNER) or 
phosphorus uptake (LER-P uptake) as in intercrops, in percentages and with 95%-CIs. Hence, ’23 (16-30)’ in 
the LER row indicates that one would need 23% more land of sole crops to achieve the same as in intercrops, 
the ’47 (20-67) in the FNER row indicates that one needs 47% more fertilizer to achieve the same yields and 
the ’25 (14-37)’ in the LER-P uptake row indicates that one needs 25% more land to achieve the same P 
uptake. Overall, the effects of crop diversification in Table 4 are positive. For instance, yields in intercrops 
are on average 22% higher in intercrops than in sole crops and one would need 23% less land area in 
intercropping than in sole cropping to obtain the same yields. Similarly, agroforestry and intercropping on 
average result in a 59-66% reduction in disease incidence. Intriguingly, the magnitude of these effects 
differs widely, ranging from no effect (effects of mixed variety cropping on soil quality) to an almost 90% 
increase (improved water quality by agroforestry and intercropping). Furthermore, the effects differ 
considerably between attributes, being relatively large in the case of water quality and disease and weed 
control, while being relatively small for soil quality and to a lesser extent yields. Effects on biodiversity and 
fertilizer-use efficiency seem intermediate. Effects also differ between systems. The effects are largest for 

Box 1. Determining the effect of crop diversification 
To determine the effect of crop diversification, one typically compares the performance of a more 
diversified system to a less diversified one. In the case of intercropping this is usually the performance of 
the intercrop compared to the mean of the sole-crops of the species that are in the intercrop. For multi-
variety crops something similar is done, but then using the mono-variety crops as reference, while for 
rotations the weighted mean of the constituent crops in the rotation being grown every year could be 
used. With agroforestry, the comparison is slightly more complex as forest trees in the system may not 
always produce a harvestable product. Hence, in this case usually the weighted mean performance of only 
the constituent crops is used.   
The simplest response norm that can be used is the ratio between the performances of the more diversified 
(YD) and less diversified (YC) systems (Beillouin et al., 2019; 2021):  
Relative response = YD/YC         [1]  
where YD and YC are the performance (e.g., yield or water quality) of the diversified and control system, 
respectively. However, this measure does not consider the composition of the diversified system. The 
representation and proportion of constituent types can vary between systems, and the performance of the 
mixture will thus depend on the proportions in which the more and less performing types are present. 
There are a number of indicators that account for this effect: 
 

(1) Net performance effect: the absolute difference between performance of a diversified system and 
performance of the constituent crop types (e.g., sole crops of the species in the mixture in the 
case of intercrops) (Li et al., 2020). 

(2) Land equivalent ratio (LER): the area of land needed to produce the same yield as a diversified 
system if one would grow the constituent crop types (species or cultivars) as sole crops. For 
example, an LER of 1.3 indicates that one would need 1.3 ha of sole crops (30% more land) to 
get the same yield as 1 ha of a diversified crop (Yu et al., 2015).  

(3) Fertilizer equivalent ratio: similar to LER, but considering the amount of fertilizer needed in sole 
crops to produce the same yield as in diversified crops (Xu et al., 2020).  

(4) Fertilizer equivalent ratio in relation to N (FNER): the amount of N fertilizer needed in less diverse 
systems to produce the same yield as more diverse systems. 

(5) The relative pest/disease/weed reduction: the fractional reduction in pests, diseases or weeds in 
diversified systems compared to a less diverse benchmark (Beillouin et al., 2019; Zhang et al., 
2019).   

(6) Overyielding: the difference in yield between more and less diverse systems.  
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agroforestry, followed by intercropping and crop rotations, and are smallest for mixed variety cropping. 
Finally, there is also large variation among different studies of the attributes in the same system (as signified 
by the generally wide confidence intervals). 

7.1.2 Broader introduction of crop diversification 

Clearly, crop diversification can have strong positive effects on crop ecosystem services and the direction of 
these effects is consistently positive across different services, as well as different types of diversification, as 
shown by hundreds of studies. This supports the view that crop diversification may contribute to a transition 
towards a more ecology-based sustainable and environmentally friendly type of agriculture. This raises the 
critical question why, if crop diversification has such broad benefits, is it (with the exception of crop 
rotations) so scarcely applied in countries like the Netherlands. A number of factors and knowledge gaps 
might explain this discrepancy and are discussed here. 

7.1.2.1 Biological knowledge gaps 
We still do not fully understand how diverse crop systems function biologically, which hampers our ability to 
optimize the benefits of these systems. As was shown in Table 4, there is a large variation in the observed 
effects, also within attributes and systems. The question that arises from these differences is whether it is 
possible to design systems that perform at the upper end of the presented ranges (for example, more 
towards 75% disease reduction by intercropping than the average 38%; Table 4), or even beyond. The 
ecological drivers of performance of diversified systems form one of the biological knowledge gaps. It is still 
unclear how different ecological mechanisms, such as niche differentiation, facilitation or compensation, 
contribute to enhancing the performance of diversified systems. Their effects depend on system design 
(including plant type combinations and planting patterns), as well as crop management. Understanding these 
interactive effects is critical for optimizing diversification strategies. Some of these processes (e.g., crop 
pollination and disease and pest spread) operate at large spatial scales (that is, hectares), while many of the 
other processes (e.g., soil quality and functioning) take years to improve. This might be an explanation for 
the small reported effects of diversification on soil quality, as most studies are focused on the short term). 
Another issue is that almost all research on crop diversification has focused on only one of the four 
diversification types mentioned in Table 4. This ignores that the three strategies of spatial diversification 
(cultivar mixtures, intercrops and agroforestry) can and should be combined with rotations. Experimentally 
studying mechanisms is highly complex and can be very costly, as it requires experiments that are 
sufficiently large to encompass spatial diversity and sufficiently long-lasting to include rotations. Such large-
scale experiments are difficult and too expensive for individual research groups to set up and maintain. 
Another biological knowledge gap exists regarding breeding for diversity. Since the pioneering work of 
Norman Borlaugh in the 1950s, there have been dramatic increases in crop production and yields through 
crop breeding. That work, however, focused almost exclusively on monocrop systems. Very little similar 
breeding work has been done to optimize plant traits for diversified systems. There are two main reasons for 
this. First, breeding for diversity entails that one no longer only needs to optimize traits for a given set of 
environments, but that one now needs to assess the effects of traits of one crop type as a function of the 
traits of another crop with which one wants to combine the first crop. In theory, this makes breeding almost 
exponentially more complex and expensive. Second, as diversified cropping is currently not practiced a lot, 
there is not yet a sufficiently large market for a larger portfolio of breeding products. Thus, even if breeders 
would be able to make the required investments to breed for diversity, there are currently insufficient future 
profits to be made. A third biological knowledge gap concerns the effects of crop diversification on 
performance stability. While crop diversification is often used to increase performance stability and reduce 
risks, relatively few studies have aimed to quantify this. That is, the studies reported in Table 4 all focused 
on mean performance and generally only covered a few years. Performance stability and, for example, 
resilience need to be determined over longer periods, such as 5 to 10 years.  
 
Clearly, many of these knowledge gaps deal with a lack of understanding of the long-term effects, of both 
spatial and temporal crop diversity, as well as of the role of processes acting on wide spatial scales. 
Addressing these gaps requires joint efforts of various institutions to establish large-scale (that is, hectares), 
long-term (more than 5 years) system experiments across different ecological zones. Given that such 
experiments are expensive, crop modelling techniques should be applied to help direct these experiments 
and help generalize results. The Strip intercropping experiment (Wageningen University & Research, 2021b) 
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conducted by Wageningen University & Research at two sites (Wageningen and Lelystad, both in the 
Netherlands) is a good example of such an experiment. Furthermore, to support and expedite breeding for 
diversity, financial incentives are needed to allow breeding companies to invest in research. In addition, as 
breeding for diversity is so complex and labour intensive, novel statistical techniques and virtual plant 
modelling tools need to be developed to allow simplification and give direction to these experiments. In this 
regard, the use of so-called functional-structural plant models (Wageningen University & Research, 2021c) 
would be very useful, as this allows one to connect variation in physiological and architectural traits and 
planting patterns of species to system-level crop performance (Evers et al., 2019).  

7.1.2.2 Socio-economic, technological and institutional issues 
The lack of implementation of crop diversification also has to do with socio-economic and technological 
issues, as well as institutional issues. A main issue associated with crop diversification is that it generally 
entails an increase in system complexity. For instance, an intercrop or agro-forest consisting of more than 
one species requires more complex management than a field consisting of one crop species. Current agro-
technology is poorly adapted to such complexity. The reason for this is that technology co-evolved with low 
diversity systems in a positive feedback loop: technology facilitating higher yields, attracting more farmers to 
use it, thus creating a market incentive to develop more advanced technology. Redirecting technology 
development to diverse systems is challenging: there are few farmers that employ diverse systems, so there 
is a limited market for this technology. At the same time, farmers not wanting to employ these systems 
might be partly due to no suitable technology being available. Hence, this results in a lock-in. This concept of 
a lock-in also applies to biotechnology, such as breeding for diversity. Similarly, and this also applies to 
livestock and aquaculture, the food processing industry has adapted to uniform predictable products 
increasing efficiency. Through marketing strategies, consumer preferences have then been directed to food 
produced in this way. This creates a market incentive for further intensification of this system. Again, 
incentives are lacking to move to more diverse and less predictable products. 
 
Breaking free from these lock-ins requires a set of socio-economical, institutional and technological changes, 
supported by scientific research aimed at 1) better understanding the socio-economic and institutional 
feedbacks that have determined the evolution towards the current agricultural system, 2) gaining more 
insight in the cascading effects of changes in the system, requiring perturbative socio-economic studies in 
combination with advanced modelling techniques, and 3) better understanding through what trajectories 
technology can support a transition to crop diversification, as current technology tends to follow a curative 
approach (i.e., it is designed to solve existing problems) and as technology solves problems, there is less 
need for self-supportive resilient systems. This last trend could and should be turned around: starting with 
designing diverse and resilient systems and from there on address questions as to how technology can make 
such systems feasible. The NWO funded Synergia project (Technology for Ecology, 2021) is an example of a 
project that addresses this issue.   

7.2 Genetic diversity in livestock and aquaculture in relation 
to sustainability and resilience 

Genetic diversity in other production systems in relation to sustainability and resilience of the food system is 
studied less well than for crop systems. However, some general trends can be observed for livestock and 
aquaculture systems as well, although additional research will be needed to confirm these trends. For 
example, Magne et al. (2016) studied single-breed (a specialist or generalist breed) and multi-breed (a 
specialist and a generalist breed) dairy cattle herds, and observed that the multi-breed herds showed a 
better trade-off among milk yield, milk fat and protein contents, as well as a better herd reproduction and 
concentrate-conversion efficiency, than single-breed herds. However, even though there are such benefits to 
multi-breed farming systems, in practice  specialized farming systems that use specialized breeds have 
become dominant. Also in aquaculture, multispecies systems show potential for increasing yield (e.g., Wahab 
et al. (2011)). Two underlying processes are suggested by Dumont et al. (2020) to be linked to higher 
performance of multispecies animal production systems: 1) complementary feeding habits of animal species, 
and 2) facilitation or competitive exclusion. Not necessarily species differing in what they eat have to be 
mixed: also species differing in when and/or where they obtain their food can be effective (Dumont et al., 
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2020). Animal health benefits may also partly underlie the higher performance of mixed-species production 
systems. For example, some of the carnivorous fish in polycultures may preferentially feed on weaker and ill 
individuals, which may result in a reduced pathogen load and diffusion in the system (Dumont et al., 2020). 
However, it is important to pay attention to potential negative interactions that may arise over time (Thomas 
et al., 2021). For example, if the species have different growth rates, predation risk or trophic competition 
may result (Thomas et al., 2021). Not only mixture of species within crop, livestock or aquaculture can have 
benefits. Also, integrated aquaculture-horticulture can be implemented, allowing for the waste of one system 
to be used as input for the other system (Tripathi and Sharma, 2001). Furthermore, integration of crops with 
livestock (at all levels, from the field to the region) has been suggested to be beneficial, contributing to 
improved food security and environmental sustainability, for a number of reasons (Lemaire et al., 2014). 
First, the spatial and temporal interactions in these systems could potentially result in a better regulation of 
biogeochemical cycles and a decrease in environmental fluxes to the atmosphere and hydrosphere. In 
natural ecosystems where the soil-vegetation interactions are stable, there is a strong coupling of C, N and 
P, both in plants and in soils. Cultivation of soils for annual cropping can result in a decoupling of C and N 
cycles and in intensive cropping systems, there is an increased risk of N losses to the environment (Lemaire 
et al., 2014). Moderate levels of grazing can be beneficial, as these can increase soil C and N stocks and soil 
quality in the long term (Franzluebbers and Stuedemann, 2010). However, more intensive grazing levels 
may not be beneficial, and more research, also focusing on long-term effects, is needed (Lemaire et al., 
2014). Second, the resulting more diverse and structured landscape mosaic of these systems can be 
beneficial, through the provisioning of more diverse habitats and trophic networks. Third, these systems may 
have an increased flexibility, allowing better coping abilities for socio-economic and environmental threats 
(Lemaire et al., 2014).  
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8 Expert and stakeholder interviews 

In addition to the literature study, experts and stakeholders were interviewed regarding their views on the 
links between enhanced use of crop, livestock and aquatic genetic resources and the four dimensions of the 
food system, as well as the barriers and leverage points to reach enhanced use of cultivated or domesticated 
biodiversity. In total, four experts from Wageningen University & Research (on plant, aquaculture, and 
livestock breeding and production systems) were interviewed. Furthermore, six stakeholders from different 
areas and companies related to breeding and/or the food production chain were interviewed online, all on 
separate occasions. Table 5 shows the topics or questions that were addressed in the interviews. 
 
Table 5 Topics and questions that were discussed in the expert and/or stakeholder interviews. 

Topics and questions 

- What is your understanding of (the relevance of) crop, livestock and aquatic genetic diversity in the food system? 

- What trends in genetic diversity do your perceive/observe? 

- Which problems/risks are associated with lower levels of genetic diversity (related to food security, sustainability/resilience, 

safe/healthy diets, inclusiveness/equal benefits)? 

- Is your line of work/business strategy trying to address these trends? 

- What are perceived barriers to reversing downward trends? 

- What are enablers or leverage points to reach enhanced use of crop, livestock, aquatic genetic diversity? 

- What are examples of good practices? 

- What are follow-up research questions? 

 
The expert and stakeholder interviews indicated that the views on CLAGD and its role(s) in food systems 
differ slightly, although there appears to be consensus on the main trends and directions in CLAGD in food 
systems. In this section, some of the main observations from the interviews are highlighted.  

8.1 Genetic diversity in the food system 

Genetic diversity was noted to be interpreted in slightly different ways by (representatives of) the different 
experts and stakeholders, which is likely related to their area of expertise (i.e., animal breeders might focus 
more on individuals, whereas others might look at field- or farm-level diversity). Although we consider 
genetic diversity within and across crop, livestock and aquatic species, genetic diversity was generally 
associated with diversity within a species, e.g. genetic diversity was sometimes mentioned to encompass 
DNA-level diversity within species. For crops, genetic diversity was referred to as different varieties within a 
crop. However, it was also mentioned that genetic diversity needs to be considered on a space and time 
scale, and that there nowadays are big monocultures in both space and time. For livestock, genetic diversity 
both between and within breeds or lines was mentioned to be included. For aquaculture, genetic diversity 
was mainly interpreted as species richness, as aquaculture was mentioned to be relatively new and therefore 
there are not (yet) really distinct breeds. In addition, in these systems there is often greater and continuous 
gene flow between farmed and wild populations, which further diminishes the existence of genetically distinct 
breeds.  
 
It was also mentioned that there are other layers to genetic diversity in the food system, besides the genetic 
diversity directly from crops or livestock. The non-productive part of the food system also plays a role. This 
includes, for example, genetic diversity in soil biota or pollinators, and pests, diseases and their natural 
enemies, all of which interact with the food system.  
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8.2 Decreasing trends in genetic diversity in food systems 

In all interviews, it was agreed that globally the level of genetic diversity in food systems is decreasing. In 
one of the interviews, it was mentioned that this might be because our food system is designed to produce 
sufficient food, focusing mainly on yield and ease of production, and less diversity is easier to manage. 
However, some nuances were mentioned. First of all, regional differences were mentioned. Regarding breed 
or variety extinction categorization, in the US and Europe the number of unknowns is less than for 
developing countries, where the uncertainty of the trends is much larger. Moreover, although diversity has 
decreased substantially at a global scale, in terms of the food available in supermarkets at local or national 
level the diversity has increased. Yet it was mentioned that the diversity available in supermarkets in the 
Netherlands is still small in comparison with China, for example. Furthermore, differences between sectors 
and species were highlighted. Regarding aquaculture, it was mentioned that decreases in genetic diversity 
are not such a big issue yet in fisheries and particularly aquaculture (as long as inbreeding is avoided 
through adequate breeding programs), although there is a threat that the few bred fish species will start 
dominating aquaculture. For some livestock species, global supply of improved genetics is dominated by few 
major breeders (e.g., there being only two major global players in chicken breeding). Lastly, some of the 
stakeholders mentioned that there is a lack of awareness in the industry, or that the industry knows 
decreasing biodiversity is a problem but argues that there are more immediate problems to solve. However, 
the interviews pointed out that there are serious risks of decreases in genetic diversity, as will be discussed 
in the next section. 

8.3 Risks of decreases in genetic diversity 

Decreases in genetic diversity use can have many (potential) negative consequences. Concerns in relation to 
low levels of genetic diversity that were mentioned in the interviews included, among other things, 
insufficient diversity in breeding animals or crops for other or changing systems or circumstances, increased 
disease and pest vulnerability (especially when chemical products and artificial fertilizer may no longer be 
available), reduced resilience (e.g., regarding drought, climate change), increased economic vulnerability, 
loss of local knowledge and culture, and limited food security. In relation to the concern regarding insufficient 
diversity for breeding animals for other circumstances, it was for example mentioned that “no one size fits 
all”, and that diversity is important to allow for future adaptations to lower quality feed or to disease threats, 
where natural immunity may play a large role. Genetic diversity is needed for risk spreading. Being prepared 
for unknown future threats was emphasized in this regard, and the available diversity in gene banks might 
be too limited in this respect. Also for new eating qualities of crops, and for increased yields or returns, 
genetic diversity is needed. Overall, awareness and understanding of these risks for food systems were 
mentioned to be lacking. 

8.4 Barriers and lock-ins regarding the declining trends in 
genetic diversity 

The challenges or barriers that were mentioned and are faced in relation to addressing the declining trends in 
genetic diversity are different for the crop, livestock and aquaculture sectors. However, some general 
observations were mentioned. For example, barriers regarding legislation and economies of scale are 
applicable to all three sectors. To give one example, labour costs are high in the Western World and 
therefore often large machines are implemented, but these can often not handle diversity. A challenging 
question that arose from the expert and stakeholder interviews was that breeds or strains can be considered 
as a public good, so who should maintain this genetic diversity? Awareness of the issue is increasing, but 
more realisation of diversity being everyone’s responsibility is pivotal. It was mentioned that stakeholders 
respond to consumer or societal demands (e.g., from NGOs), but that large incentives for increased 
biodiversity from consumers (as well as from other chains in the food production) or regulations are currently 
lacking. Moreover, it was mentioned that, often, problems are addressed from one side alone, even though 
many aspects are of relevance (e.g., climate change, biodiversity, efficiency). Bringing everything together is 
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difficult. Modelling approaches can aid, but cannot capture everything. Here, we will discuss the main 
challenges that were mentioned for crops, livestock and aquaculture. 

8.4.1 Crops 

For crops, examples of mentioned challenges include that above-ground phenotyping is well-developed, but 
tools for underground phenotyping (e.g., of roots) are limited. Furthermore, it was mentioned that farmers 
tend to want the crops that they can harvest early, due to risks associated with later harvesting. Moreover, it 
was mentioned that a way to increase diversity is to implement strip cropping (see also Table 3), but that 
breeding for organic agriculture or strip cropping is a small market, making it difficult to step in and, 
consequently, everyone is waiting on others to do it first (see also Section 7). Another important lock-in 
that was mentioned was optimisation, where everything focuses on the development of subsidies for 
monocultures, and  for example for strip cropping there are no agricultural subsidies. Another difficulty with 
intercropping that was mentioned, was that in the subsequent steps in the production chain, mixed products 
are not always accepted or wanted. To give an example for a mix of cereal products: millers do not accept 
mixed cereals, because they are used to having a certain quantity and quality. In the next step, the bakery 
might also not appreciate mixed cereals, because they want a certain quantity of a single quality. In such 
chains, it is difficult to get everyone to adapt. In line with such difficulties, also barriers regarding harvesting 
were mentioned. For example, genetically different varieties of sugar beet tend to have different shoot 
heights. This complicates mechanical harvesting, as current harvesters can only automatically harvest plants 
of uniform height. It was discussed that the past technological developments have influenced current 
agronomy, and that technology adapted to diversity is needed for the future. Novel technologies, however, 
can potentially also act to reduce diversity. It was for example mentioned that the introduction of CRISPR for 
seed companies may result in genetic homogenization: CRISPR focuses on individual genes and is not a 
multi-gene approach and thus can create a genetically more homogenous product. Another important barrier 
that was mentioned, are mismatches between research and practice: research often takes place in controlled 
environments that do not capture the agricultural complexity. It was furthermore mentioned that some of 
the stakeholders do not directly finance the transition of farmers towards different systems, but that they do 
provide help through advisors or facilitation of obtaining bank loans. It was mentioned that financial 
institutes are starting to realise that their financial system is linked to the biophysical world and that this is a 
great change, but a major barrier was (and still is) that banks meet alternative approaches with scepticism. 
For example, organic agriculture was mentioned to always have been underfunded. Also, for the stakeholders 
themselves it was mentioned that they sometimes work with large suppliers that are perhaps more focused 
on increased productivity as opposed to increased biodiversity. Furthermore, stakeholders might want to 
make changes or take steps, but this also depends on their shareholders’ wishes. Furthermore, initiatives for 
collecting accessions from all over the world to conserve them according to conservation standards face 
resistance, as governments do not want to share their genetic diversity, for distrust of its use. Access, 
benefit sharing and rules or regulations were therefore mentioned as major barriers to reversing the 
downward trend in genetic diversity, and policy was noted to currently not be effective for improvement. 
Some crops were mentioned to come with additional challenges. For example, cocoa is a tree crop with a 
long generation time, making breeding of this crop more difficult and the cocoa market is fragmented and 
underfunded. Moreover, there is a reluctance to share cocoa clones and moving them around can pose food 
safety threats. Finally, the current assessment systems that decide on whether or not to allow certain 
technologies tend to be based on the method rather than the product. For instance, the debate on 
genetically-modified organisms (GMOs) centers around yes-or-no GMOs in general rather than the suitability 
and safety of the individual GMO products. Furthermore, it was mentioned that optimized feed is easiest to 
make when the choice of raw materials is broad. However, in the production of animal feed, some countries 
have only few types of raw materials available and feed producers want certainty: raw materials that are 
consistently of high quality, always available and affordable. Moreover, for some livestock products, animals 
are not allowed to have been fed certain raw materials (in large amounts). This is also a limiting factor for 
potential increase of crop diversity. 

8.4.2 Livestock 

For livestock, a main barrier that was mentioned was that there is diversity between breeds or lines, but that 
this diversity also needs to pay for itself, i.e. compensate for the potential additional costs through increased 
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revenues. It was mentioned that companies tend to go for the highest profit in the short term, and thus the 
relevance of diversity will be valued in monetary terms. It was mentioned that in breeding programs, only a 
limited number of lines can be kept, as keeping these live animals is a costly investment. Moreover, many 
traits that might lead to improved sustainability are difficult to value or interpret. An example was mentioned 
for slower growing turkeys, where the success depends on consumers’ willingness to pay more for these 
products. A related question that was posed was how to find a good balance between price, environmental 
impacts and animal welfare, for example. Moreover, it was mentioned that also locally, people are dependent 
on large companies regarding genetics (which is also the case for crops). 

8.4.3 Aquaculture 

For aquaculture, the use of polycultures (i.e., two or more fish species in the same pods, see also Section 7) 
increases genetic diversity, but it was mentioned that this is not often implemented in commercial cultures, 
as in practice these systems may be difficult to control and negative interactions between species may arise. 
Another approach that was mentioned was to implement breeding programs, but local farmers may not be 
able to afford such breeding programs. Institutions try to help, but there may be insufficient capacity at the 
local level. Consequently, the lack of local breeding programs was mentioned as a major barrier for 
increasing genetic diversity. Lastly, it was mentioned that there are limitations to exchange of genetic 
material between regions, as farmed fish species may escape their cages into the wild and subsequently 
result in genetic pollution of wild populations. 

8.5 Enablers or levers for improving CLAGD 

In the interviews, a range of enablers or levers for improving genetic diversity were addressed. For example, 
it was mentioned that there is room for improved knowledge exchange. It was mentioned that farmers are 
used as case studies to obtain scientific knowledge but that the obtained insights are not brought back to the 
farmer: farmers get their information from the industry, which may not always support farming system 
specific requirements. It was noted that more experiments need to be done to help farmers change their 
approach, and more collaboration in research across disciplines was mentioned to be useful. The positive role 
of collaborative pre-competitive research across private industry players (potentially in combination with the 
public sector and academia) was also emphasized. Also outside of research, collaboration was mentioned to 
provide opportunities. Sometimes one can have more impact if one joins groups outside of research, creating 
a more direct connection between stakeholders. Moreover, collaboration with local parties was mentioned as 
an enabler for enhancing genetic diversity. Stakeholders may collaborate with local parties to assess which 
breed is best suitable for the local environment and clear communication regarding why local breeds might 
be more suitable than the globally most-used breeds can help farmers make this choice. It was mentioned 
that plant breeders obtain their raw materials from (gene banks) across the world, hereby increasing the 
diversity in their product, when developing new varieties for different production environments in different 
regions. Also, more coordination across countries was mentioned to be beneficial, to reach beyond the 
competitiveness of countries, for example by having a (virtual) platform with a global outlook. Moreover, the 
current focus on regenerative agriculture allows for inclusion of biodiversity goals in the regenerative 
agriculture aims, although this inclusion of biodiversity is currently often lacking. Another enabler that was 
mentioned was more attention for (breeding for) interactions. In a monoculture plants must not compete 
with each other, and therefore one might want to combine complementary plant types that, for instance, 
have deep versus shallow rooting systems or are nitrogen-fixers versus nitrogen-takers, et cetera. In 
breeding, it was mentioned that it is generally assumed that the neighbouring plants are of the same 
genotype. Taking interactions into account in breeding programs could be beneficial. Moreover, it was 
mentioned that more research should be done regarding how DNA-level differences underlie different traits, 
to gain more insight into the genotype by environment interactions. Furthermore, it was mentioned that a 
possible approach is to aim for local production of protein instead of importing soy, for example. Moreover, 
instead of only using ryegrass in cattle systems, also herbs are mixed in and there is more attention for 
healthier and more resilient soils. Also mixed-species systems (cattle, sheep and poultry) and agroforestry 
systems were mentioned to have potential, contributing to better soil quality and a lower CO2 footprint (see 
also Section 7). Such observations should be widely communicated to increase awareness and create impact 
in practice. Another approach that was mentioned was to raise consumer awareness and to gain more insight 
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in consumer demands. More value needs to be created from diversity, for example through marketing of 
diversity. This also requires clearer definitions and interpretations of genetic diversity, not solely as an 
implicit part of the broader sustainability or regenerative agriculture marketing. Also, more interaction with 
society was mentioned as a possible lever. Many things are possible, but it is important to gain insight into 
the demands society has, both regarding the products themselves (e.g., Dutch consumers prefer brown 
eggs, while German consumers prefer white eggs, with latter actually having a lower carbon footprint) and 
what choices are considered responsible. Marketing can play a large role in increasing the attractiveness of 
products with increased genetic diversity associated with it. This is also important for technology 
development. It was mentioned that technology needs to be developed in a way that handles diversity and 
supports ecology. If society does not want more labour or to pay more for food, technology needs to be 
developed to make this possible. Moreover, a more tailor-made policy for farmers is needed, where we do 
not evaluate every farmer, or every production system, in the same way. Finally, it was mentioned that 
technologies should be judged on the product and not method, i.e., focus on whether the technology product 
has a positive effect, rather than how was this product made.  
 
One of the main questions remains where diversity can be enhanced. It was mentioned that for genetic 
diversity, the most important part of the food chain where one can make changes is the primary production, 
and the subsequent chains can contribute to this by demanding responsibility from their primary producers . 
From the stakeholder interviews, it became clear that more support at the local level is needed for farmers to 
produce in a sustainable and resilient manner. Enhanced genetic diversity could play a large role in this, and 
companies support this. This also requires subsequent links in the supply chain to act, mainly through 
industry demanding responsibility from their primary producers. However, supply chains and consumers 
generally aim for an increased sustainability of production in the broad sense, with limited direct attention for 
genetic diversity. Increased genetic diversity is often not seen as a goal in itself. Moreover, to achieve 
increased genetic diversity, the earlier-mentioned lock ins (see Section 8.4) need to be addressed as well, 
for example requiring bakeries to adapt their baking processes to the quality or lower uniformity of the grain, 
instead of the other way around. Another remaining question that was raised was what the biodiversity is 
that one needs to get back at the local level: what indicators can we use and how do we measure this (see 
also Section 2)? What biodiversity supports the agricultural demands and how can agriculture maintain the 
role of food producer? The answer will likely be strongly dependent on the context and region.  
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9 CLAGD and food systems framework 

Up to this point, we have discussed the evidence base for the relationships between, and interactions of, 
CLAGD and each of the four food system dimensions. Based on the results of the literature reviews and 
expert interviews, we here aim to provide directions for future systems-level thinking across the food system 
dimensions. In this section, we will 1) highlight a first set of key interventions that can be taken to enhance 
CLAGD within each of the four dimensions of the food system and discuss in short some key indicators to 
measure the effects of these interventions, 2) provide a conceptual framework that can be used to make 
explicit the trade-offs and synergies across these dimensions when implementing the key interventions 
identified to enhance CLAGD, and 3) show an example of implementing the framework. In future work, more 
interventions and concrete key indicators will be identified for the different food system dimensions. In 
general, however, it should be underlined that the scores and trade-offs in such a framework are dependent 
on scale, scope and context. It is obvious that trade-offs at the local level cannot always be generalised to 
the regional or global level. Moreover, global challenges in food systems are interdependent. This means that 
the different elements of food systems, like production systems including CLAGD, consumer behaviour, food 
security, climate change, natural conditions (i.e., the available natural resources) and socio-economic 
trends, interact with one another. Therefore, it is important to not seek possibilities for enhancing food 
security within a single subsystem without taking into account the effects of an intervention on other parts of 
the system, overlooking possible trade-offs. By mapping out the interactions between different subsystems, 
food-systems thinking and our proposed assessment framework can contribute to an integrated approach 
that makes use of solutions at different levels of scale.  

9.1 Key interventions for enhancing CLAGD within each food 
system dimension 

Even though the need for drastic change in food systems has become clear throughout this report, Conti et 
al. (2021) highlight that there is a certain resistance in food systems to change, resulting in lock-ins. Based 
on a systematic literature review, they mention six lock-ins relating to this resistance to food system change:  

1. Technological persistence (i.e., dominant technologies persist at the expense of better alternatives 
because they are socially embedded; see also Bakker (2021) who shows this for the use of 
pesticides, and Peerlings and Polman (2008) who show this for agricultural nature management) 

2. Misaligned institutional settings, policies and incentives 
3. Attitudinal and cultural aversion to change 
4. Political economy factors that skew the direction of change 
5. Infrastructural rigidities 
6. Research and innovation priorities practice and narratives misaligned to transformation  

Based on the previous sections of this report and the FAO State of the World’s Biodiversity report (FAO, 
2019a), we distilled and summarized key interventions for enhancing CLAGD within each food system 
dimension, as shown in Table 6. These (and other) key interventions need to address the lock-ins to 
enhance the use of CLAGD in food systems. 
 
For each of the four food system dimensions, key indicators for quantifying the effects of interventions to 
enhance CLAGD have to be identified, to examine their impact in practice. Although this is partly future work 
to complement, we highlight several example key indicators, for the four food system dimensions, in Table 
7.  
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Table 6 Overview of types of interventions for enhancing CLAGD in food systems, in different contexts. 
Based on FAO (2019a). 

Conservation and 
breeding 

Production Processing Retail and 
consumption 

Local cooperation 
and informal 
governance 

National and global 
formal policy and 
regulation 

Local/national 
community-based 
conservation 
programs, including 
establishment of ex 
situ gene banks 

Encouragement for 
alternative practices 
from financial 
institutions 

More advanced 
and flexible 
processing 
infrastructure in 
value chains 
 

Demand for 
greater shelf 
diversity and 
healthy diets 

Establish network of 
diverse coalitions  

Support for breeding 
and conservation in 
developing countries 
 

Establish global ex 
situ gene banks 

Adapting sustainable 
management 
methods to local 
agroecological  and 
socio-economic 
conditions 

Local processing 
for short supply 
chains 
 

Attach all 
ecosystem 
services values to 
product, including 
cultural origin 

Raising farmer and 
industry 
awareness/support 
and engagement of 
science 
 

Policy incentives for 
agro-ecology, 
regenerative 
agriculture, integrated 
farm/ecosystem 
management 

Conservation of at 
risk breeds and 
varieties in native 
habitats 

Integrated pest 
management 
 

Experiment with 
new flavours 
from different 
varieties 

Consumer 
awareness of the 
risk of monocrops 
and loss of 
CLAGD 

Science-policy 
processes to help 
farmers with food 
transition 

Adapted seed and 
breeding legislation 

Global inventories of 
trends and risks  

Nature protection: 
establish protected 
areas 
 

  Platforms and 
coordination for 
sharing genetic 
material 

Acknowledgement and 
incentives for  farmers 
that practice variation 

Sustainable 
breeding programs  

Reducing over 
fishing and by-catch 

    

Diversify breeding 
programs 

Mixed farming 
systems, 
agroforestry and 
intercropping 

    

Breeding for crop 
interactions 

     

 
 
Table 7 Overview of example key indicators for the four food system dimensions. 

Food system dimension Examples of key indicators 
Safe and healthy diets ● Mineral and vitamin content and deficiencies 

● Levels of essential amino and fatty acids 
● Heavy metal concentrations 
● Levels of algal toxins 
● Pesticide residues 
● Plant toxin concentrations 
● Antibiotic residues 
● Concentrations of pathogens 
● Shelf life 

Food security ● Productivity 
● Distribution 
● Allocation 
● Exchange 
● Affordability 

Inclusiveness and equal benefits ● Household income 
● Business profit 
● Inclusive welfare 
● Access to insurance 
● Number of jobs 
● Transport costs 
● Capital investment costs 
● Land costs 
● Labour input costs 
● Processing costs 
● Waste 

Sustainability and resilience ● Landscape diversity 
● Water quality 
● Soil structure 
● Natural biodiversity (e.g., species richness, abundance, diversity) 
● Disease resistance 
● Drought resistance 
● Heat resistance 
● Weed suppression 
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9.2 Conceptual framework for trade-offs and synergies across 
the food system dimensions 

In Table 8, we show an example of a conceptual framework that could be used for making explicit the trade-
offs and synergies of different potential interventions and their effects on different indicators for the four food 
system dimensions. Trade-offs are considered those interventions with negative and strongly negative 
effects, while synergies are those interventions with positive or strongly positive effects. These trade-offs and 
synergies can be visualised using colours and symbols (see legend of Table 8), to see at a glance what 
effect the interventions have on a specific food dimension indicator (e.g., overall positive, negative or 
neutral). In the conceptual framework in Table 8, the indicators for the different food system dimensions are 
aggregated, as our main aim is to show how such a conceptual framework could be of value. We intend to 
develop this framework into a more structured overview of interventions. This will also give an overview of 
the gaps in our knowledge (i.e., no data cells). The framework in Table 8 is hierarchical, so that policy 
makers and practitioners are able to ‘drill down’ to a further level of detail, to explore the effects of more 
tangible (less aggregated) interventions on more specific indicators relevant to each food system dimension. 
Table 9 shows the proposed level of detail we plan to further develop. 
 
Table 8 Conceptual framework for trade-offs and synergies across the food system dimensions. 

 Aggregated indicators for the four dimensions 
Aggregated interventions1 Safe and 

healthy diets 
Food 
security 

Inclusiveness and equal 
benefits 

Sustainability and 
resilience 

Conservation and breeding     
Production     
Processing     
Consumption     
Local cooperation and informal 
governance 

    

National and global formal policy 
and regulation 

    

1 Only high-level typology of the interventions is shown here, these can be disaggregated into the interventions shown in Table 6.  
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Table 9 A disaggregated version of Table 8, showing proposed management interventions. Each cell in this matrix links the effect of a specific intervention to the 
outcome of achieving an indicator for each food dimension. The effect will be described according to the legend in the centre of the matrix. 

1 Only a list of potential interventions shown here; to be developed into a more structured typology.  
2 Only high-level typology of the four dimensions is shown here, these can be disaggregated into the indicators discussed earlier.  

 

Interventions1
Availability Affordability

Stability/ 
reliability Access Nutrition Safety

Ecosystem 
pressures

Ecosystem 
structure

Ecosystem 
function Income Expenses Employment

Access to 
support

Cultural 
rights

Establish community-based ex situ gene banks
Establish global ex situ gene banks
Conservation of at risk breeds and varieties in native habitats
Global inventory of breed/variety trends and risks
Breeding programs scoping broader variety of genotype
Sustainable breeding programs
More breeding for crop interactions
Financial institution incentives
Locally-contextualized agroecology
Integrated Pest Management
Nature protection: establish protected areas (EU policy)
Reducing overfishing and by-catch
Mixed farming systems, agro-forestry & intercropping
More flexible processing techniques in major value chains
Local processing
Experiment with new flavours from different varieties

Demand greater shelf diversity & healthy diets

Market ecosystem service values, incl. cultural origin

Consumer awareness of  risks of monocrops & loss of CLAGD
Establish network of diverse coalitions for increasing CLAGD
Raising farmer and industry awareness
Science-policy processes to help farmers on food transitions
Platforms and coordination for sharing genetic material
Support for CLAGD breeding in developing countries
Support for artisanal fishing
Policy incentives and subsidies
Seed legislation
Acknowledgement of farmers that practice variation 
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Aggregated indcators for the four dimensions2 

Food security Safe and healthy diets Sustainability and resilience Inclusiveness and equal benefits
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9.3 Example of implementing the framework  

To highlight how our conceptual framework can contribute to making explicit the trade-offs and synergies 
of different potential interventions and their effects on different indicators, we here show an example for 
the reduction of pesticide use through increased use of CLAGD. This is a relevant issue, as several 
neonicotinoid insecticides are banned in the EU (European Commission, 2013). Assuming we want to 
achieve a reduction in pesticide use, there are different interventions that make use of enhanced CLAGD 
to compensate for the loss of pesticides. These interventions include, but are not limited to, an increased 
crop diversity and breeding for resistance. 
 
In Table 10, we present a zoomed-in version of the framework, where we filled out these interventions 
and highlight some of the expected or hypothesised effects of these interventions. Based on the 
information from Section 4, increased crop diversity is expected to have positive effects on safe and 
healthy diets, as more biodiverse diets have been linked to improved nutritional value and health. 
Moreover, pesticide residues in food can negatively affect human health and therefore replacing pesticide 
use with natural alternative approaches, such as increased crop diversity, is expected to positively 
impact diet safety. In terms of food security, there may be both positive and negative effects of 
increasing crop diversity to reduce pesticide use. In the short-term, a reduction in pesticide use may 
result in losses of crops due to pests. However, when the crop diversity is increased, the benefits are 
that 1) more crop diversity can improve the resilience of the system towards pests (Section 5) and 2) 
some crops may be lost due to pests but other crops will not be affected, and therefore not the full 
harvest of a farm will be lost at once. The effects of increased crop diversity on inclusiveness and equal 
benefits are yet unclear and require more investigation in the future. In terms of sustainability and 
resilience, increased crop diversity can positively contribute to enhanced crop production, associated 
biodiversity (that is, the biodiversity of non-cultivated plants and animals), water quality, soil quality, 
and pest and disease control (Beillouin et al., 2021), and hereby to the sustainability and resilience of 
the food system (Section 7). Moreover, the reduction in pesticides itself can have positive 
consequences, as pesticides may destruct beneficial natural predators and parasites, result in the 
development and evolution of pesticide resistance in insect pests, plant pathogens and weeds, poison 
honeybees and wild bees that are viral for pollination, and may contaminate ground and surface water 
(Pimentel and Burgess, 2014). A reduction in pesticide use limits these effects.  
In terms of breeding for resistance, the effects on safe and healthy diets are expected to be positive. 
Breeding for resistance results in an increased resistance to pests, and thereby to a reduction of pesticide 
residues in food, improving food safety. However, through breeding for resistance, biodiversity may not 
necessarily increase (or may even decrease if everyone uses a single resistant variety) and therefore the 
positive effects of improved nutritional value may not be applicable. In terms of food security, there will 
likely be fewer crop losses due to the resistance of the crops to pests. However, if at some point a new 
pest arises that the crop is not resistant to, the whole harvest may be lost, if still a single crop is used. 
The effects of breeding for resistance on inclusiveness and equal benefits are yet unclear and require 
more investigation in the future. In terms of resilience and sustainability, the same benefits of a 
reduction in pesticide use apply as discussed for increased crop diversity. However, it is important to 
keep in mind that pests may arise that the crop is not resistant to. 
 
Table 10 Example of implementation of framework for compensating for reduced pesticide use 

through CLAGD-related interventions. 

 Aggregated indicators for the four dimensions 
Interventions Safe and healthy 

diets 
Food security Inclusiveness and 

equal benefits 
Sustainability and 
resilience 

Increased crop 
diversity 

+ ±  ++ 

Breeding for 
resistance 

+ ±  ++ 
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10 Summary, conclusions and 
recommendations 

With this report, we aimed to provide an overview of the current status and trends of use of crop, 
livestock and aquatic genetic diversity, in relation to food systems. The impact of decreased or enhanced 
use of crop, livestock and aquatic genetic diversity – within and across species and varieties – was 
discussed in relation to four food system dimensions: 1) safe and healthy diets, 2) food security, 3) 
inclusiveness and equal benefits, and 4) sustainability and resilience. Here, we summarize the main 
observations, from literature and expert or stakeholder interviews, and provide recommendations for 
future work in this area to increase the use and to make better use of genetic diversity in food systems. 

10.1 Main observations 

10.1.1 Trends in CLAGD 

Even though the exact details may differ between crop, livestock and aquaculture systems, it is clear that 
the use of genetic diversity shows a declining trend, as a consequence of, among other things, 
specialisation and intensification, climate change and population growth. Clear consensus on how to 
measure and monitor crop, livestock and aquatic genetic diversity exactly is however lacking, and data 
collection and management are considered to be the main limiting factors in this. Adequate long term 
conservation of CLAGD is pivotal, but major gaps remain, despite increasing conservation efforts. 

10.1.2 Consequences of declining CLAGD 

The decline in CLAGD can pose serious threats, including increased disease and pest vulnerability, 
reduced resilience (for example regarding drought and climate change), increased economic 
vulnerability, loss of local knowledge and culture, limited food security, and insufficient diversity in 
breeding animals or crops for the development of improved or new varieties or breeds for future systems 
or circumstances. 

10.1.3 CLAGD and the four food system dimensions 

Decreased or increased CLAGD may (indirectly) affect all four food system dimensions. Regarding 
healthy diets, biodiverse diets (in other words, diets that include different food groups, categories or 
types) can have positive effects on human health, for example through lowering the probability of 
obtaining chronic non-communicable diseases, and can contribute to achieving recommended daily 
intakes. Regarding safe diets, there are both positive and adverse effects of increased biodiversity, as, 
for example, increased biodiversity leads to increased resilience to pests and animal diseases and 
therefore less risk of chemical residues, yet at the same time increased biodiversity in grasslands can 
result in increased exposure to plant toxins. Regarding food security, increased genetic diversity can 
contribute to the prevention of disasters like widespread plant diseases and consequent losses. 
Regarding inclusiveness and equal benefits, the relationship with CLAGD can work in both directions, with 
increased CLAGD potentially contributing to achieving inclusiveness and equal benefits, and with 
increased equal benefits potentially aiding in conservation of on-farm CLAGD. Regarding sustainability 
and resilience, there is a lot of evidence for positive effects of crop diversification on crop ecosystem 
services, yet there are hurdles for more widespread implementation of crop diversification, including 
gaps in biological knowledge, as well as socio-economic and technical issues. Moreover, there appear to 
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be beneficial effects of multispecies systems in livestock and aquaculture, as well as of crop-livestock 
mixed systems, but more spatially large-scaled and longitudinal studies are needed to address the 
unknowns. Overall, these dimensions are strongly linked, and so is the role of CLAGD in these systems. 
For example, by promoting sustainable and resilient food systems through increased biodiversity use, 
food security and inclusiveness can be improved as well. 

10.2 Recommendations for policies and future work 

In this section, we will highlight some key topics for future research and for policies to address, based on 
the main conclusions from the literature study and the expert and stakeholder interviews. We have 
grouped these recommendations by topic, with some recommendations being more general and others 
being quite specific. Different interventions may interact, and therefore it is recommended that close 
attention is paid to the effects of these interventions on other components of biodiversity or food 
systems as well, to determine whether there are no negative or unwanted side effects of these 
interventions. 

10.2.1 Data and monitoring 

Main challenges in monitoring of the current use of CLAGD are the lack of (standardised) measurement 
methods and lacking data. For example, (regularly updated) data are lacking on the size and structure of 
livestock breed populations, as well as for inland fisheries. In this respect, we recommend the following 
further actions: 

o To (develop and) implement standardised guidelines on how to better monitor and 
implement CLAGD, focussing not only on conservation but also on use in the field 

 Also focussing on within-species (crops and aquaculture) or within-breed (livestock) 
genetic diversity 

o To (develop and) implement standardised gene bank documentation, to allow better 
monitoring of ex situ conservation 

10.2.2 Research 

Even though much research is being performed in the context of biodiversity and food systems, there are 
still some limitations to the current research, which can be addressed in future research. We recommend 
the following further actions for future research: 

o Research should aim to address the problem as a whole, instead of separately studying 
subcomponents of the issue 

 Moreover, research should look into combining different measures, for example 
studying combinations of different crop diversification approaches (see Table 3), or 
examining possibilities for breeding for interactions 

o Research should also focus on long term effects and large spatial scales to examine the 
effects in practice, as currently research often takes place in controlled environments that do 
not capture the agricultural complexity 

 To achieve this, more collaboration is needed between research institutes (as single 
research groups can often not afford these types of studies), for example at EU level 

o Researchers should collaborate more with local parties, to also study genotype by 
environment interactions and to bring the obtained knowledge back to the farmers 

10.2.3 Societal awareness and market incentives 

To achieve increases in CLAGD in food systems, awareness of the issue is needed, as well as incentives 
to take action. It was mentioned in the expert and stakeholder interviews that stakeholders respond to 
retail, consumer and/or societal demands (for example from NGOs), but that large incentives for 
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increased biodiversity from consumers are currently lacking. In this respect, we recommend the following 
further actions: 

o To increase consumer awareness for the importance of CLAGD in food systems and to bring 
across the message that biodiversity is a shared responsibility 

 Also aim to have consumers include diversity in their behaviour, i.e., to pay more 
for biodiversity-inclusive products (that for example indicate so on their packaging) 

o To promote diversity as an attribute of products, to increase the demand for local varieties  
or products from local (at-risk) breeds 

 This can for example be achieved through the use of food-based dietary guidelines 

10.2.4 Technologies 

Several technological difficulties are currently faced in relation to transitioning towards more biodiverse 
food systems. We recommend the following main action to be taken: 

o More attention for and investment in technologies that can handle diversity, for example 
harvesting machines that can handle crops of different heights 

10.2.5 Public policies, regulations and financial incentives 

Changes in policies and regulations, as well as financial incentives, can greatly benefit enhanced use of 
CLAGD. In this respect, we recommend the following actions: 

o Develop and implement regulations and incentives to maintain and to make available a 
broader range of species and quality varieties or breeds to producers and value chains 

 Also increase coordination, for example through a (virtual) platform with a global 
outlook, to reach beyond the competitiveness of different countries 

o Develop a more tailor-made policy for farmers, where every farmer, or every production 
system, can be valued differently 

o Include biodiversity goals explicitly in the current focus on regenerative agriculture 
o Provide financial incentives (like taxes or subsidies) for more diverse systems 

10.2.6 Commercial parties 

Commercial parties, such as breeding companies, food processors and retailers, can actively contribute 
to enhancing the use of CLAGD in food systems. We recommend the following associated actions: 

o Breeding companies could focus more on diversity in selection schemes, invest in a wider 
product portfolio, and also contribute to long term conservation of genetic diversity in crops, 
livestock and aquatic species 

o Subsequent chains in the food system should also adapt to diversity (for example millers 
and bakeries accepting mixed cereals) 
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Appendix 1: List of abbreviations 

BFA  Biodiversity for food and agriculture 
CLAGD  Crop, livestock and aquatic genetic diversity 
FBDG  Food-based dietary guidelines 
FNER  Fertilizer equivalent ratio in relation to N 
GMOs  Genetically-modified organisms 
LER  Land equivalent ratio 
NDCs  Non-communicable diseases 
PAs  Pyrrolizidine alkaloids 
SDG  Sustainable development goal 
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