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Abstract.
We develop a conseptual framework for determining insurance values associated with a gene bank and we apply the methodology to the Greek Gene Bank (GGB), the largest ex situ conservation program in Greece. To evaluate the insurance value generated by the holdings of the GGB genetic resources, the current study examined scenarios for alternative arrival probabilities of an adverse event that will negatively affect production of seven major staple crops held at the GGB within the next 100 years. Withing the range of our estimates it is indicated that insurance values considerably exceed the current operating costs of maintaining the GGB. 
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1. Introduction
Genetic resources[footnoteRef:1] constitute the most important aspect of agricultural biodiversity and agricultural biological stocks, since they make up the primary material out of which the traditional varieties and populations were created through selection by the farmers or by nature. As genetic resources have recently been threatened with extinction, they are assuming increasing importance since they form the base for human and animal nutrition as well as the raw material for the creation of modern varieties.  The automation of agriculture, the generalized use of fertilizers and pesticides and systematic irrigation, significantly increased the yield of the modern varieties that were created in the context of the great advances in genetics and the consequent improvement of crops. Gradually, the new conditions led to the dominance of a few select varieties and hybrids of high quality and high yield. One result of these new trends was that a large part of the traditional genetic material bequeathed to us by previous generations was displaced from cultivations and lost.  [1:  All the genetic material, which contributes or may contribute to the improvement of species in the future is designated as Germplasm or Genetic Material.  The term Genetic Resources is a more constricted concept which includes those categories of genetic material that are not protected by specific legislation, such as traditional varieties (“landraces”) which are being displaced by modern varieties (new or novel varieties) and are at risk of becoming extinct; the old varieties that were created from breeders and were then abandoned (“obsolete cultivars”) or their legal protection has expired; the wild or semi-wild (“weedy”) species which are related or direct progenitors to cultivated plants (or crop wild relatives - CWR); the wild plant species that are used directly as food for men and animals or in industrial production or decoration. and the pure lines, which are very important in agriculture.
A landrace is a dynamic population(s) of a cultivated plant that has historical origin, distinct identity and lacks formal crop improvement, as well as often being genetically diverse, locally adapted and associated with traditional farming systems. However, although these characteristics are commonly present they are not always all present for any individual landrace. (Camacho Villa et al., 2005).] 

[bookmark: _Ref223347706]	In this context crop diversity stored and protected ex situ by a gene bank offers valuable and diverse services. For a given crop, different varieties with differing characteristics and traits associated with specific properties such as resistance to cold, tolerance to drought, or resistance to diseases, represent a wealth of genetic potential. By combining different traits, experts and farmers have over the centuries enriched the variety of plants used to grow food and fodder, develop medicines and provide a number of other goods such as building materials or cloth. Thus there are values, which emerge from the accessions[footnoteRef:2] of genetic recourses preserved in the gene bank.  [2:   An accession is a sample of planting material stored in an ex situ collection of genetic resources. Accessions may or may not be unique and are not necessarily homogeneous.] 

	Within the “Total Value” framework the values generated by a gene bank can be broadly divided into two categories:
(i) Use values associated with the value of genetic resources in developing new foods or drugs. Using these genetic resources, breeders can develop new improved varieties with characteristics such as higher pest and disease resistance, resilience to climate change or increased productivity to enhance food production.
(ii) Non-use values which are related to bequest motives for conserving genetic material for the future.
	In a recent survey, Smale and Hansen (2010) identify the following values associated with a gene bank:
1. The value of collections of genetic resources associated with their use to improve resistance of crops to disease and help enhance agricultural yields and mitigate the threat of economic problems in production of major food staples (e.g. developing wheat varieties with resistance to the Russian wheat aphid).
2. The value of plant genetic resources used to improve crop productivity.
3. The value of plant genetic resources as a means to promote research on an international as well as a national level to support development of world agriculture.
4. The value of germplasm flows from international repositories such as the centers of the Consultative Group on International Agricultural Research (CGIAR) and its International Agricultural Research Centers to benefit development of national research efforts.
5. The value of information relating to research using genetic resources to produce new goods such as new crop varieties or drugs. This information value has public good characteristics.
6. Direct and indirect value to farmers associated with direct distribution of genetic materials such as seeds to farmers. 
7. Use of the gene bank materials collection to benefit vulnerable and subsistence-oriented agricultural communities as a means to combat poverty.
In terms of non-use values, there is also a general existence value stemming from preserving the genetic materials of the gene bank for future generations.
	In the present paper we focus on a potentially important element within the set of use values, which is the value associated with the possibility of using the accessions of a gene bank to recover commercial agricultural production if a catastrophic event seriously damages or even eliminates current agricultural production. We call these services provided by a gene bank insurance services and their value the insurance vale of a gene bank.
	In this context we develop a conceptual framework for deriving the insurance value generated by a gene bank, defined as the value stemming from the potential of a gene bank to provide insurance against events that might seriously harm commercial agricultural production. We apply this conceptual framework to the Greek Gene Bank (GGB), the largest ex situ conservation program for plants in Greece and we use simulations to provide empirical approximations to the corresponding insurance values.  The insurance value of the GGB corresponds to the flow of benefits which are generated by the GGB, and which involve potential use of its genetic materials for enhanced food security against events that might seriously harm commercial agricultural production in Greece. We approximate this insurance value through simulations and scenario analysis for seven major staple crops held at the GGB, namely wheat, cabbage, pulses (legumes), forage and pasture grasses (vetches), beets, grapes and tobacco. The time horizon for the simulations extends to 100 years. 
	The alternative scenarios used to approximate aggregate insurance values related to the seven crops of interest held by the GGB, correspond to alternative scenarios of agricultural risk and potential adverse shocks in crops’ commercial production. Possible causes of a crisis in agricultural production and food availability can include extreme natural events such as droughts, disease or flooding, which to some extend can be attributed to climate change. Thus, as climate change is considered to pose significant new uncertainties for agriculture, the current study also serves to indicate the potential role of a gene bank in providing adaptation services.  This is especially true for the Mediterranean region, given the expected detrimental impacts of climate change in this region. Thus this study can be also regarded as providing a framework for valuing adaptation services provided by the GGB.
	Overall the simulation results of this study indicate that for the seven crops of interest identified within the scope of this research, the GGB could, under alternative conditions, generate insurance values ranging from €55 to 995 million in present value terms. A quick cost-benefit comparison based on the results of this study confirms that the benefits of the GGB, even with conservative estimation adopted, significantly exceeds the costs of its operation. Thus in terms of insurance values generated by the GGB, the flow of annual equivalent values[footnoteRef:3] was estimated to represent a minimum of €2.95 million whereas current operating costs of the GGB correspond to less than 3 per cent[footnoteRef:4] of this amount on an annual basis. Hence this study suggests that maintaining and further developing the GGB is an economically justified strategy.  [3:  Annual equivalent is used in the sense that the present value of the annual flow equals the estimated aggregate insurance value.]  [4:  This is based on personal communication with officers of the GGB quoting costs currently on the order of €100,000 annually.  For estimation of the economic cost associated with a gene bank see for example Koo et al. (2004).] 

	The remainder of the paper has the following structure. Section 2 provides a brief description of the GGB, section 3 present the valuation methodology, section 4 summarizes the results and section 5 concludes.
2.  The Greek Gene Bank
Founded with support from the Food and Agriculture Organization (FAO) of the United Nations, the GGB is based in Thessaloniki Greece. Over the past 30 years it has banked about 12,000 samples of cultivated plants or their wild relatives, often no longer growing in fields or in nature.[footnoteRef:5] [5:  Information on parts of the GGB collection is available through an online inventorying database containing European plant genetic resources of interest to researchers. The EURISCO Catalogue on National Inventories (NIs) of plant genetic data is available at: http://eurisco.ecpgr.org/home_page.htmlhttp://eurisco.ecpgr.org/home_page.html] 

	The GGB conserves plant germ plasm, the living tissue from which new variaeties can be grown, mostly in the form of seeds. For some crops for which Greece is said to be the geographical center of origin, the Bank holds particularly large stocks of genetic material. The current study focuses on a series of crops for which the GGB collection is particularly rich on a world level and which are therefore of particular interest to researchers. Among the regional crops banked, the Bank maintains  collection more than 1.100 accessions of wheat and wild wheat relatives , more than 1.900 accessions of grain legumes landraces, more than 280 accessions of Brassica genetic resources, over 800 accessions of Beta genetic resources, 270 grapevine cultivars of which 202 are very rare autochthonous landraces. . Sustained plant breeding over centuries, together with a naturally diverse environment, has resulted in high crop diversity in these staple crops.[footnoteRef:6] [6:  Table A1 in the Appendix presents the plant genetic resources of the GGB.] 

Overall approximately half the collection consists of indigenous wild relatives of Greek crops while the other half are landraces of Greek origin or old varieties that were created from breeders and were then abandoned or their legal protection has expired.
	Some crops in the collection have a very long history in farming, spanning thousands of years of active cultivation in the region. Additionally the Bank collection includes some rare, vulnerable or endangered species, such as for example Medicago scutellata, Astragalus peregrinus ssp. Peregrine, egilops speltoides var. ligustica, Beta nana, Origanum dictamnus, etc. 
	Regarding the crops of interest for this study, the GGB holds:, more than 2.300 forages genetic resources accessions, and a great variability of. It also holds. 
Throughout the operation of the Greek Genebank emphasis has been given to ensurig distribution of the genetic material so that the research community can benefit from access to collections of the Bank. The material was distributed to research institutes, universities and technological institutes for research purposes (characterization and evaluation of the material), to seed companies for breeding, to other gene banks and botanical gardens, to NGOs, to farmers and local communities for cultivation, etc. The percentage of the species that were distributed during the last ten years was 27,05% of the specific crops  (2575 out of 9519 accessions) that represents the 21,46% of the whole GGB’s collection (2575 out of approximately 12000 accessions).The percentage of cultivated varieties that were distributed the last ten years was 78,52% and the percentage of crop wild relatives (CWR) was 21,48%.
Finally it is worth mentioning that besides the biodiversity of plants colelcted and maintained at the Bank there are still untapped reserves of genetic material in Greece. Among others samples of legumes, vines and forages are estimated to exist mainl in the islands of the Aegean which if collected in the future can further enhance the value of services provided byt he Greek Genebank. 

Table 1 presents the total number of accessions of the main crops that were distributed during the last ten years from the GGB, and the percentage of the number of accessions that were distributed relative to the total number of accessions of the specific crops that are kept in the GGB
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Table 1. Total number of accessions and distribution of the GGB.
	Species
	2004
	2005
	2006
	2007
	2008
	2009
	2010
	2011
	2012
	2013
	Total accessions
	Percentage (%)

	Wheat landraces and wild relatives (Tr. durum, Tr. aestivum, Aegilops spp., Tr. monococcum, Tr. dicoccum) 
1190 accessions
	68
	66
	25
	9
	
	25
	24
	154
	9
	23
	403
	33,87%

	Forage and pasture crops (Medicago spp., Trifolium spp., Lotus spp., Festuca spp.) 
1673 accessions
	1
	10
	20
	5
	
	109
	2
	
	
	
	147
	8,79%

	Grain legumes (beans, chickpea, lentil, broad bean, cowpea, pea, grass pea, lupin) 
1897 accessions
	9
	5
	7
	8
	13
	28
	5
	44
	91
	40
	250
	13,18%

	Brassica genetic resources (cabbage, radish and wild species)
296 accessions
	2
	
	22
	1
	14
	
	
	14
	1
	2
	56
	18,92%

	Beta genetic resources (beet and wild species) 
795 accessions
	
	4
	
	1
	48
	
	
	1
	245
	
	299
	37,61%

	Grapevine genetic resources 
270 accessions
	10
	15
	16
	12
	8
	16
	13
	9
	14
	19
	132
	48,89%

	Tobacco genetic resources 
502 accessions
	
	24
	10
	
	
	
	53
	
	
	
	87
	17,33%

	Vegetables (tomato, eggplant, pepper, squash, pumpkin, cucumber, melon, watermelon, okra, corn, lettuce, spinach) 
2452 accessions
	54
	109
	137
	169
	77
	119
	33
	61
	153
	177
	1089
	44,41%

	Cereal landraces (barley, oat, rye)
233 accessions
	
	14
	6
	
	
	
	12
	2
	22
	38
	94
	40,34%

	Aromatic and medicinal plants (anise, celery, parsley, mint, thyme, mountain tea) 
211 accessions
	
	9
	
	3
	
	2
	
	2
	
	2
	18
	8,53%

	
Total 9519 accessions
	
144
	
256
	
243
	
208
	
160
	
299
	
142
	
287
	
535
	
301
	
2575
	
27,05%



Notes to the table:

3. The Insurance Value of a Gene Bank: Valuation Methodology
	Although other types of values mentioned in the introduction could be quantitatively important, we do not attempt to estimate them empirically in this study because of the considerable uncertainties involved and the lack of appropriate data. In any case we believe that the insurance value is an important source of value generated by a gene bank, which can be approximated in a meaningful way using to a large extend existing market data.[footnoteRef:7] If a gene bank, and the GGB in particular, can be justified economically through the insurance value only, it is clear that the other sources of value can further support it. [7:  Simpson et al. (1996) is the first study to analyze the marginal value of an accession.  Zohrabian et al. (2003) by focusing on agricultural genetic resources found that the expected marginal benefit from exploring an additional unimproved gene bank accession in breeding resistant varieties of soybean more than covered the costs of acquiring and conserving it.] 

	To model the insurance value generated by a gene bank we consider the case where the occurrence of a set of undesirable events in the future will damage the value of production of an existing commercial variety. Examples of such events could be pest outbreaks, diseases, reduced precipitation, heat waves, or extreme weather events. The assumption is that a specific accession of the gene bank could be used to develop substitutes for the affected variety and at least partially recover the lost production value. We will call the event or combination of events that will cause the production loss of an existing variety and that will create the need to employ resources of the gene bank the triggering event.
3.1 	Modeling the arrival of the triggering event
The usual approach for modeling the arrival of stochastic events is the use of the Poisson process. We start by assuming that the arrival of triggering events follows a homogeneous Poisson process [image: ] with rate (or intensity) λ.[footnoteRef:8] The arrival of the undesired events can be defined, using the Poisson process, as: [8:  For more details about the Poisson process and the Gamma distribution used in this section see for example Wackerly et al. (2008), or for a more advanced analysis Capasso and Bakstein (2012).] 


		[image: ]			(1)
where [image: ] is the number of events in the time interval [image: ]. Thus equation (1) provides the probability that between time t and time [image: ] the undesirable events will occur k times, where λ is the expected number of occurrences of the events between time t and time [image: ]. For example, if we are at the present time [image: ], and we expect in the next decade 15 undesirable events and that for the reduction in productivity of a given variety 20 events are required, then [image: ] and the probability of having the twenty events, regarding the decade as the unit of time, is 4.18 per cent. In this type of modeling, there are two issues that should be further addressed. 
	The first is that given the uncertainty and the complexity about the nature and the timing of the arrival of the events that will eventually trigger the use of the gene bank, we consider - in order to make practical approximations possible - only one triggering stochastic event. This event could be regarded as a “threshold”, which occurs after the occurrences of other related events (e.g. increase in the number of hot days in the summer, reduced precipitation) and leads to severe damages in the commercial value of the variety’s production. To put it differently, the triggering event could be the manifestation of a composition of different stochastic shocks associated with climate change or other external drivers. This threshold event will trigger the use of the gene bank for the provision of substitute or improved varieties. Avoiding losses associated with a sudden shock in the supply of food represents a reflection of the value of insurance offered by the gene bank. The recovery of the expected commercial value obtained through the use of the gene bank reflects the insurance value of the gene bank for this specific variety.
	The second issue is that since climate change is expected to increase the number of undesirable events for agriculture, a non-homogeneous Poisson process where the rate λ is an increasing function of time could be a better way of modeling. Thus we model the arrival of the triggering event that will stimulate research to engineer new varieties using the collection of the gene bank, with the help of the cumulative distribution function of a Gamma distribution which is defined as:
	[image: ]
where α is the shape parameter and [image: ] is the rate parameter.
	The cumulative distribution function is defined as 
[image: ]
where [image: ] is the lower incomplete Gamma function, [image: ]. Let [image: ]. Since [image: ] for all t, if there exists an [image: ], we will interpret [image: ]as the time at which the expected triggering event will arrive. 
	The triggering event is however stochastic. We model the probability of arrival of this single composite event by a non-homogeneous Poisson process. In general a non-homogeneous Poisson process provides the probability that [image: ] events will arrive at time t, and is defined as:
[image: ]						(2)
where [image: ] is the number of events by time t and [image: ] is the mean occurrences up to time t, with [image: ] being the number of expected occurrences at time u. The number of events in the interval [image: ] which is [image: ] is a Poisson random variable with rate [image: ].
	In our case, we are considering a single composite triggering event. Therefore [image: ]and 
[image: ]							(3)
is the probability that the triggering event will arrive at time t. 
	It should be noted that since [image: ], [image: ] can be interpreted as the fraction of the events that constitute the composite triggering event which have occurred up to time t. The triggering event will emerge at [image: ] if [image: ]. Figure 1 presents the function[image: ].[footnoteRef:9] [9:  All calculations and simulations were conducted using the software Wolfram Mathematica 8.] 

[image: ]
Figure 1. The expected arrival of the triggering event

The value [image: ] can be interpreted as indicating that 20 time periods from now it is expected that 54.21 per cent of the events leading to the triggering event will occur. The value [image: ] implies that it is expected that the triggering event will occur 45 time periods from now.
The arrival probability of the triggering event at any point of time [image: ] is given by [image: ] and is shown in Figure 2.

[image: ]
Figure 2. Arrival probabilities for the triggering event

As Figure 2 shows, the probability of having the triggering event early is low. For example, p(10,1)=0.0339, implying that the probability of having the triggering event 10 years from now is 3.4 per cent. On the other hand, p(45,1)=0.4046, suggesting that the probability of having the triggering event 45 years from now, is 40.46 per cent and remains approximately constant after that. Thus after year 45 we expect the triggering event with an approximately 40% probability. 
3.2	Estimating the insurance value 
Assume that the flow of the value of agricultural production lost due to the triggering event is [image: ] where t is the time when the event occurs. Under the simplifying assumption that the triggering event is totally destructive, [image: ] is the flow of the commercial value of the agricultural production of the given variety. Thus [image: ] is the loss five periods after the event which took place at [image: ]. The probability of the triggering event occurring at time t is given by the non-homogeneous Poisson process[image: ] defined in (3). 
	Once the event occurs, the recovery will not be instantaneous because there is a time lag between the triggering event and the development by the gene bank of substitute varieties that can successfully replace commercial production, due mainly to technical reasons. For the purposes of the conceptual model we assume there is a delay period of length [image: ] for the breeding of a novel variety, after which there is another delay of length [image: ] until the new variety becomes fully operational as a substitute for the damaged variety. 
	Let [image: ] be the present value now of losing at time t the commercial value of a variety due to the arrival of the triggering event at time t. These losses correspond to the annual losses of agricultural production of the commercial variety from the time of the triggering event, until some sufficiently large time T. This time denotes the time horizon over which the affected variety would have been productive, if the triggering event had not emerged. 

	Assume: (i) a delay [image: ] until the novel variety becomes fully commercially operational, ; (ii) [image: ] development costs until the novel variety becomes fully operational; (iii) linear recovery of the commercial value during [image: ]; and (iv) in order to simplify notation without influencing robustness of the exercise, a constant annual flow R for the commercial value of the agricultural production. Then the present value of the recovered commercial production if the triggering event occurs at time t will be:
[image: ]	(4)
where [image: ] is a recovery coefficient. If [image: ] the new variety provides full recovery for the damaged variety. The recovery coefficient can also be interpreted as the proportion of the total commercial value affected by the triggering event. For example, [image: ] means that only 50 per cent of the commercial value is affected by the triggering event. Of course the recovery coefficient can be interpreted as a combination of the proportion of recovery and the proportion of affected value.
	To transform this recovered value into an insurance value, the present values should be weighted by the probability that the triggering event will occur at time t. The sequence 
[image: ]					(5)
denotes the expected present value of the accession in terms of the sum of values of agricultural output recovered by using gene bank resources after adverse events in the supply of food at different points in time.
	Therefore each specific term of the sequence indicates, in present value terms, the insurance value of the gene bank with respect to the specific variety at each point of time. Thus [image: ] is the insurance value of the gene bank at [image: ] The insurance value of the gene bank increases with the probability of occurrence [image: ]
	We denote each element of the collection of the expected present values (5) by
[image: ].								(6)
and define as the insurance value (IV) of the gene bank with respect to the specific variety, the maximum element of (6), or:
[image: ].						(7)
The value of the gene bank for the specific variety is therefore the maximum expected value of the commercial agricultural production, which is expected to be recovered by using the accession of the gene bank, if a destructive stochastic event occurs in the future.

[bookmark: _Toc342995495]3.3 Insurance value vs. option value: a comparison
In environmental and resource economics a familiar concept of value under conditions of uncertainty is the quasi-option value (Arrow and Fisher, 1974). The quasi-option value emerges under conditions of irreversibility and increasing quality of information over time about uncertain future costs and benefits associated with environmental goods. The quasi-option value creates a bias towards a more conservative conservation policy regarding irreversible decisions, such as for example the irreversible conversion of part of a rain forest into agricultural land.  In this case the quasi option value will tend to slow down or even stop conversion. 
	The insurance value concept associated with a gene bank has similarities with the quasi option value, for example there is learning involved by holding genetic material ex situ and uncertainty in agricultural production in the presence of future stochastic events. However, the insurance value should not be regarded as a quasi-option value because we do not, by using the insurance value concept, value the improved quality of information with the passage of time relative to an irreversible decision. Instead we value the expected recovered commercial production if a triggering event occurs in the future, given the existing information about the conserved genetic material. As shown by Scheinkman and Zariphopoulou (2001), the quasi-option value in a dynamic context should be understood as determining a threshold, or an optimal exercise boundary, such that, if the irreversible conversion of a fixed size environmental asset is above the boundary at a given point in time, no conversion is taking place, while if conversion is below the boundary conversion increases by a finite amount. 
	The creation of a gene bank is not however related in general to a concrete irreversible decision about an environmental asset which will eliminate genetic material, since the same genetic material can co-exists in situ at the ecosystem and also ex situ at a gene bank, with the existing in situ material used to renew the accessions of the gene bank.  In the context of insurance value preserving the genetic material ex situ is expected to make possible its efficient use in order to recover agricultural production if the triggering event occurs.  
	Therefore, since we are focusing on a value concept associated with the use of the ex-situ preserved material to provide insurance against future damages, and not to a value concept associated with information that will be lost due to an irreversible action related to the same material, we feel that an insurance value concept is closer to this value than a quasi-option value concept. 
4.  Application: The Insurance Value of the Greek Gene Bank
We apply the methodology developed in the previous section to seven crop varieties - wheat, tobacco, pulses, white cabbage, vetches, grapes, and sugar beets - that constitute crops of interest within the collection of the Greek Gene Bank. 
	To apply this methodology, we need two types of information: (i) information about the arrival of the triggering event, and (ii) information about the value of the agricultural production affected by the adverse event.
[bookmark: _Toc342995497]4.1 The triggering event
Plant genetic resources are expected to play an important role in helping to develop new varieties with important traits, including climate change related characteristics of tolerance, to counter adverse impacts of climate change on agriculture. Wheat is regarded as the most sensitive product to climate change. A recent study by the Bank of Greece (2011) estimates the impact of climate change in Greece on agriculture to include more than 10 per cent losses in wheat production in big regions of Greece during 2041-2051. The same study estimates reductions in grape production at around 10 per cent during 2091-2100 in southern Greece and the islands. The GGB keeps accessions related to wheat and grapes.[footnoteRef:10] [10:  It should be noted that these estimates refer to the “normal” expected impacts of climate change as predicted by calibrated models, but not to the impact of a catastrophic event - the triggering event – caused by climate change. They can be regarded, therefore, as providing an indication of a lower bound of damages if climate change induces a triggering event.] 

	Similar indications are provided by Skuras and Psaltopoulos (2012) for the Mediterranean area. They state, following Iglesias et al. (2007), that the main risks to agricultural production imposed by climate change in Europe result from changes in factors such as: (1) Water resources and irrigation requirements; (2) Soil fertility, salinity and erosion; (3) Crop growth conditions, crop productivity and crop distribution; (4) Land use; (5) Optimal conditions for livestock production; (6) Agricultural pests and diseases; and (7) Increased expenditure on emergency and remediation actions. 
	In addition, Skuras and Psaltopoulos (2012) indicate that climate change and the associated higher air temperatures will create conditions suitable for the invasion of weed, pest and diseases adapted to warmer climatic conditions. Alcamo et al. (2007) argue that increasing temperatures may also increase the risk of livestock diseases by supporting the dispersal of insects, enhancing the survival of viruses from one year to the next, and improving conditions for new insect vectors that are now limited by colder temperatures. In more general terms Burke et al. (2009) point out that shifts in crop climate in Sub-Saharan Africa by 2050 will make necessary for adaptation purposes the international movement of germplasm.[footnoteRef:11] [11:  For a more detailed discussion of the climate change impacts of agriculture see for example Reynolds and Ortiz (2010) along with the rest of the articles in the collected volume.] 

	This evidence suggests that climate change is likely to induce a triggering event that may necessitate the use of gene banks to recover, at least partly, lost production. However given the uncertainties involved, it seems that point estimates of the arrival of this event will not be very useful. Thus we decided to build a scenario analysis to evaluate the insurance value for a range of alternative hypotheses at varying points in time and for various probabilities of arrival of the adverse event. In particular we examined nine scenarios with arrival of the event in [image: ] years in the future, and probability of arrival at the specific year [image: ]. Combining by using [image: ] derives nine scenarios which may be regarded as capturing both optimistic expectations (that is, the triggering event will arrive 80 years from now with a probability of 10 per cent) and pessimistic expectations (that is, the triggering event is will arrive 45 years from now with a probability of 40 per cent). Optimistic expectations are associated with low insurance values, while pessimistic expectations are associated with high insurance values.
	The scenario structure described above corresponds basically to optimistic, average and pessimistic expectations regarding the arrival of the triggering event. Although the parameterizations of the scenarios reflect in a sense subjective priors, there are connections to climate change studies.  For example the 100 year planning horizon is not in conflict with the calibrations of integrated assessment models studying climate (e.g. Nordhaus 2010 and the RICE-2010 Model) and since we consider climate change as the main source of the triggering event the 100 year time horizon could be a sensible assumption.  The nine scenarios used are expected to provide an approximate span of the space of events.  This spanning combined with the monotonicity of the insurance value as a function of arrival time and arrival probability (see figure 3), seems to provide a range for the insurance value which is very likely to include the actual insurance values.[footnoteRef:12]  [12:  We feel that an important area of research, which is not exclusively related to gene bank valuation, is the prediction of triggering events or the prediction of environmental thresholds which characterize regime shifts that relate to triggering events. This is however beyond the scope of the present study.] 

	Given the deep uncertainty associated with the arrival of the triggering event, one may consider resorting to methods of robust control for approximating insurance values. These methods are based on ambiguity aversion and “maxmin” criteria instead of risk aversion and “expected utility” criteria, and concentrate on conditioning decision-making and valuation on the worst possible outcome.[footnoteRef:13] We are not following this approach because we feel that at this stage of modeling, and given the monotonicity of the insurance value function, a robust control approach would add extra complications, due to the need to distort stochastic processes, without providing significantly more insights. However, given the deep structural uncertainty associated with the problem advances in modeling thresholds and triggering events will most likely benefit from robust control methods. [13:   See Hansen and Sargent (2008) for the general approach, or Athanassoglou and Xepapadeas (2012) for an application to climate change.] 

[bookmark: _Toc342995498]4.2 The value of affected production
To approximate the value of potential lost production due to the triggering event, we use the value of agricultural production of each crop as a base. We use time series data on values of production for each crop, in constant 2005 euros, and cultivated areas between 1990-2006 obtained by the Hellenic Statistical Authority (ELSTAT).[footnoteRef:14] The names that the GGB uses for the crops held and the corresponding accessions do not fully correspond to the names used by ELSTAT. The crops of the empirical application using the ELSTAT names, with the general crop name used by the GGB in parentheses, are: Wheat (bread and durum wheat); Tobacco, general crop name; White cabbage (Brassica); Pulses (grain legumes); Vetches (forage and pasture crops); Grapes; Sugar beets (Beta).[footnoteRef:15]  [14:  http://www.statistics.gr/portal/page/portal/ESYE ]  [15:  For all practical purposes the ELSTAT name and data correspond to a subset of the accessions of the crop. ] 

	We assume that the future flow of production in the absence of any external event would be the average 1990-2006. This is a working assumption since future policy and institutional changes in the EU might produce major changes in the structure of production.

[bookmark: _Toc342995499]4.3 Time to develop the new variety
We assume that the delay between the triggering event and the development of the new variety will be 10 years and that another 5 years will pass until the new variety becomes fully commercially operational. The factors and costs shaping the capacity of a gene bank to help recovery of agricultural production are briefly presented below.
	Restoring food security following a major adverse event can be aided significantly by having a wide pool of agricultural plant genetic resources to re-introduce or create a new plant stocks. For the purposes of this exercise, we will group triggers of a food crisis into two general types of events: disease and non-disease causes of a shock to food supply. 
	The ability of a gene bank to breed disease resistant crops will vary depending on whether genetic material that can confer resistance is found within its stock. The larger the genetic pool a bank conserves, the bigger the probability that traits with desired properties will be identified. 
	Even if a desired trait is located by experts, the breeding of a novel variety requires periods of time that can stretch to 12 years[footnoteRef:16] using classical breeding technologies. However, the time needed has decreased: use of molecular markers techniques allows breeders to monitor progress in conferring desired traits into a new variety more effectively, thus leading to an approximate decrease of 5 years in the time needed to engineer a variety today as compared to a couple of decades ago.  [16:  This is based on personal communication with officers of the GGB.] 

	A shock in food security can result from causes other than disease, such as conflict leading to a breakdown in seed supply, disruption in farming and sharp decrease in agriculture’s ability to produce food. In case of a major rupture in agricultural and seed production, the ability to restore farming can depend on having a critical mass of seed material, which can be used to generate new stocks. In this case the role of a gene bank can be valuable in offering an initial stock of genetic material and expanding seed supplies to meet growers’ needs. The time period needed to re-develop genetic material stock to restore agricultural activity can extend to about five years.
	Local gene banks and breeding institutes can help to sustain food security through providing human expertise needed to convert existing genetic resources into new stocks of agricultural products. Experts at a national gene bank who are familiar with local varieties are more capable of screening through extensive amounts of genetic information to pick necessary material for development of disease resistant crops. Similarly, faced with a shortage in seed supply, local staff is in a better position to grow varieties to meet targets related to the recovery of lost production. Therefore there is an intrinsic value to having a local gene bank that stems from having the resources, both genes and experts, needed to convert resources into solutions for sustained food security. This advantage can also be seen in terms of lowering the amounts of time needed for a gene bank to respond to crisis and provide ways of setting agricultural activity back on track. 
	On the other hand, the existence of other gene banks worldwide, such as the international CGIAR gene banks, suggests that the insurance value generated by the GGB should be understood as the extra benefits generated by the GGB given the existence of the other gene banks. The existence of international gene banks could imply that in the case of a triggering event the recovery of the affected agricultural production in Greece could be supported by an international gene bank. These arguments may suggest that the insurance value of the GGB is less than the estimates provided by this paper and that there might be some kind of redundancy associated with the GGB or other local gene banks.  
However, replication of collections and the creation of an international portfolio of gene banks might itself generate insurance values. Furthermore local knowledge associated with a local gene bank might be instrumental, as arguments above suggest, in securing a successful recovery of local production once a triggering event affects the local agricultural production.
Looking at the issue of gene bank redundancy from another point of view, it can be argued that the concentration, at the limit, of all accessions worldwide into a “super gene bank” managed by a single institution or nation, might not be desirable in terms of disassociating local knowledge from the gene banks, and also on welfare grounds since this may create a potential monopolization of property rights associated with genetic material.
The loss of potential benefits from the association of local knowledge with the local gene bank, by the creation a “super-gene bank” might not be desirable on quasi-option value grounds, since the creation of the “super-gene bank” could imply the irreversible decision of eliminating local gene banks where local knowledge and research on local varieties might provide valuable information in the future.  On the other hand, since a “super gene bank” may generate significant benefits due to returns to scale in knowledge accumulation, it should be regarded, given the arguments above, as complementary and not substitute to local gene banks.
[bookmark: _Toc342995500]4.4 The choice of the discount rate
Policy makers need access to information concerning the discount rate of various future choices in order to make decisions concerning policy, including environmental policy. Yet the choice of the proper discount rate for calculating present values is an open issue in economic theory. Stavins (2005) notes that the choice of the discount rate to be employed in the valuation of future costs and benefits can be difficult, particularly where impacts are spread across a large number of years involving more than a single generation. There is evidence from market behavior and from experimental economics indicating that individuals may employ lower discount rates for impacts of larger magnitude, higher discount rates for gains than for losses, and rates that decline with the time span being considered. This supports the idea of using discount rates which decline over time; however this approach may face time inconsistency problems. 
	The discount rate discussion is beyond the scope of the present study. In our calculations we use a 5 per cent discount rate in real terms. This value is suggested by the European Commission (EC, 2008) as a benchmark real financial discount rate. We choose to use a financial discount rate of 5 per cent since we estimate insurance and productivity values in the context of financial analysis using market data. It should be noted that use of more complicated discount structures with declining discount rates would not change the qualitative characteristics of our results. 
	Based on the simulations described above Table 2 presents the estimated expected insurance values for the seven crops of interest contained within the collection of the GGB.









Table 2. Expected insurance value (million €)
	Crops
	Year of Triggering Event
	Probability of Triggering Event

	
	
	10%
	20%
	40%

	Wheat
	45
	58.75
	119.64
	235.00

	
	60
	22.01
	44.82
	88.04

	
	80
	13.57
	27.63
	54.27

	Tobacco
	45
	43.09
	87.76
	172.38

	
	60
	16.14
	32.87
	64.57

	
	80
	9.95
	20.67
	39.81

	White Cabbage
	45
	10.27
	20.93
	41.11

	
	60
	3.85
	7.85
	15.40

	
	80
	2.37
	4.83
	9.49

	Pulses
	45
	12.66
	25.78
	50.65

	
	60
	4.74
	9.66
	18.97

	
	80
	2.92
	5.95
	11.70

	Vetches
	45
	40.40
	80.27
	161.60

	
	60
	15.13
	30.82
	60.54

	
	80
	9.33
	19
	37.32

	Grapes
	45
	60.49
	123.19
	241.99

	
	60
	22.66
	46.15
	90.65

	
	80
	13.97
	28.45
	55.89

	Sugar beets
	45
	23.17
	47.20
	92.70

	
	60
	8.68
	17.68
	89.11

	
	80
	5.35
	10.90
	21.41



Figure 3 provides a graphical presentation of the insurance value surface for wheat.
[image: ]
Figure 3. Insurance value surface: wheat
The surface indicates that the insurance value attains its largest value at the pessimistic scenario (year of arrival of the triggering event 45, probability of arrival 40 per cent), and its lowest value at the optimistic scenario (year of arrival of the triggering event 80, probability of arrival 10 per cent). The whole surface can be regarded as a piecewise approximation of the insurance value that the GGB provides by helping to develop improved varieties to counter shocks in food production, plotted against a range of years of arrival of the triggering event and probabilities of arrival.  It is monotonic in the year of arrival and the probability of arrival of the triggering event and if the scenarios used provide an adequate span of the space of events the true insurance value is expected to be close to the insurance value surface.
	The insurance surface for the rest of the crops has a similar shape, structure and interpretation.
Changes in our basic assumptions about the values of the parameters will shift the surface either upwards, increasing the insurance value, or downwards, reducing the insurance value. Therefore:
· A reduction in the discount rate will uniformly increase insurance values for all accessions and vice versa.
· An increase in the probability of arrival of the triggering event for any given year will uniformly increase insurance values for all accessions and vice versa.
· A longer delay in arrival of the triggering event for any given arrival probability will uniformly reduce insurance values for all accessions and vice versa.
· A reduction in the recovery parameter θ, or in the value of the affected production, will uniformly reduce insurance values for all accessions and vice versa. Thus if only a part of the commercial agricultural production is affected by the triggering event, insurance values will be uniformly reduced 
· An increase in the time required to provide a new variety once the triggering event arrives will uniformly reduce insurance values for all accessions and vice versa.
It should be noted that since the cost of developing the new variety when a triggering events arrives has not been accounted for, these values should be considered gross expected insurance values. 
On the other hand a very simple benefit-cost rule would indicate that the operation of the GGB can be justified if costs associated with maintaining the GGB are lower than the insurance value offered by the Bank. The present study estimates that the insurance values offered by seven crops of interest held by the Bank range from €55 million under the optimistic scenario to €995 million under the pessimistic scenario, in present value terms.
The equivalent annual value, at a 5 per cent discount rate, is €2.95 million for the pessimistic case and €54.5 million for the optimistic case (values, in present value terms, are in constant 2005 euros). 
[bookmark: _Toc342995502]5. Concluding Remarks 
As noted in the introduction, values associated with the Greek Gene Bank could include other non-market based values in addition to the insurance and productivity values. These values are hard to estimate since direct markets for the services provided by ex situ conservation through a gene bank are missing. On the other hand, intuition and common sense suggest that these values exist and could be large. Pardey et al. (2001) suggested that gene bank benefits should exceed the corresponding costs. Latter on Drucker et al. (2005) put forward an argument which suggests that since the costs of ex situ conservation (gene banks) is relatively easy to calculate and it seems “… to be lower than any sensible lower-bound estimate of benefits, undertaking the expensive and challenging exercise of benefits estimation is not necessary.” 
	In this study we did not take this point of view, because we feel that developing a conceptual framework for determining insurance values will provide useful insight into a potentially important value generated by a gene bank. The insurance value concept, which is expected to be realized after the occurrence of a triggering in the future, can be associated with the point made by Gollin et al. (2000), that although observation suggests that gene banks and some categories of accessions are not used frequently by breeders, the long-term value of a gene bank is high.
 Quantifying the insurance value and using market data to discipline benefit estimation, although the expected value estimation faces lots of uncertainties, could be useful for policy purposes regarding further development of gene banks. For the GGB, this is the first attempt to assign values and therefore to set some kind of a value benchmark, which when compared to the operating costs of the GGB can be useful in guiding policy decisions, especially in the context of the current debate in Greece regarding efficient allocation of public sector resources. Although the values emerging from this study are subject to uncertainties, we feel that the methodology that was developed, combined with sensitivity analysis, provides an approximation, at least in the first order, of the true underlying values. 
	Regarding the aggregate insurance value, it should be noticed that a triggering event, should it occur, would be associated not with all but with some of the accessions held by the GGB. Therefore the estimated values should be understood as providing a range of the values emerging from the GGB. These values could be further increased, even by small amounts, if we also account for the wider set of values associated with the GGB. 
	Finally, regarding the evaluation of policy options about maintaining or even expanding the GGB, this study suggests that a comparison of annual equivalent insurance values generated by the GGB with that corresponding operating costs, makes clear that maintaining and further developing the GGB is an economically justified strategy.
	There are many challenges facing gene banks. Apart from collection, characterization, proper documentation, evaluation and maintenance are also required (Wright, 1997), while according to the Second Report on the State of the World’s Plant Genetic Resources for Food and Agriculture (FAO, 2010), gene bank collections are still at risk. For the Greek Gene Bank, the major challenges are continuation of collection, regeneration of aging stocks, documentation, evaluation and maintenance of facilities. The results of this study provide insights into values generated by the GGB, which even though they represent a subset of all the possible values generated by a gene bank, are sufficient to establish its importance.
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Appendix
Table A1. Plant genetic resources of the Greek Gene Bank
	Genus
	Common name
	Cultivated accessions
	CWR accessions

	Abelmoschus
	okra
	81 (A. esculentus)
	

	Aegilops
	
	 
	875 (A. comosa, A. biuncialis, 
A. triuncialis, etc.)

	Agropyron
	
	 
	21 (A. elongatum, A. repens, etc.)

	Allium
	onions and other allies
	230 (A. cepa, A. porrum, 
A. sativum)
	82 (A. ampeloprasum, 
A. gutatum, etc.)

	Anethum
	anise
	50 (A. graveolens)
	

	Apium
	celery
	63 (A. graveolens)
	

	Arachis 
	groundnut
	7 (A. hypogaea)
	

	Aristella
	
	
	2 (A. bromoides)

	Astragalus 
	
	
	79 (A. hamosus)

	Avena
	oat
	59 (A. sativa)
	3 (A. sterilis)

	Beta
	beet
	481 (B. vulgaris)
	314 (B. nana, B. maritima)

	Biserrula 
	
	
	12 (B. pelecinus)

	Brachypodium
	
	
	8 (B. spp.)

	Brassica
	cabbages and kales
	220 (B. oleraceae)
	76 (B. cretica)

	Briza
	
	 
	1 (B. media)

	Calendula 
	
	 
	2 (C. officinalis)

	Capsicum
	pepper
	220 (C. annuum)
	

	Cicer
	chickpea
	222 (C. arietinum)
	

	Cichorium
	
	
	6 (C. endivia)

	Cistus
	
	
	1 (C. cretica)

	Citrulus 
	watermelon
	124 (C. lanatus)
	

	Cucumis 
	melon and cucumber
	383 (C. melo, C. sativus)
	

	Cucurbita
	squash and pumpkin
	304 (C. maxima, 
C. moschata, C.pepo)
	

	Cynara
	artichoke
	8 (C. scholymus)
	

	Dactylis
	
	 
	173 (D. glomerata)

	Daucus
	carrot
	40 (D. carota)
	22 (D. muricatus)

	Dolichus 
	hyacinth bean
	10 (D. lablab)
	

	Elletaria
	cardamon
	
	5 (E. cardamomum)

	Festuca
	
	
	41 (F. arundinacea)

	Gossypium
	cotton
	306 (G. hirsutum)
	

	Dasypyrum
	
	
	86 (Dasypyrum villosum)

	Helianthus 
	sunflower
	26 (H. annuus)
	

	Hipocrepis
	
	
	23 (H. unisiliquosa) 

	Hordeum
	barley
	125 (H.vulgare)
	75 (H. bulbosum, etc.)

	Hymenocarpus
	
	 
	48 (H. circinnatus)

	Lactuca
	lettuce
	138 (L. sativa)
	

	Lagenaria 
	Bottle gourd
	43 (L. siceraria)
	

	Lolium
	
	 
	74 (L. perenne)

	Lotus
	
	 
	110 (L. corniculatus, etc.)

	Luffa 
	loofah
	4 (L. acutangula)
	

	Lathyrus
	grass pea
	107 (L. sativus, L. clymenum, L. ochrus)
	

	Lens
	lentil
	119 (L. culinaris)
	

	Lupinus
	lupin
	
	86 (L. pilosus, L. albus, etc.)

	Medicago
	
	 
	575 (M. orbicularis, M. truncatula, 
M. arborea, etc.)

	Melilotus
	
	 
	8 (M. albus, M. elegans)

	Mentha
	peppermint, mint
	 
	4 (M. viridis, M. pulegium)

	Nicotiana
	tabacco
	502 (N. tabacum)
	

	Onobrychis
	
	 
	1

	Origanum
	oregano, marjoram
	 
	23 (O. vulgaris, O. majorana, O. dictamnus, etc.) 

	Ornithopus 
	
	 
	26 (O. compressus, O.pinnatus)

	Oryzopsis
	
	 
	15 (O. miliaceum)

	Panicum 
	millet
	2 (P. miliaceum)
	

	Petroselinum
	parsley
	73 (P. crispum)
	

	Phalaris
	
	 
	8 (P. tuberosa)

	Phaseolus
	bean
	919 (P. coccineus, 
P. vulgaris)
	

	Phleum
	
	 
	12 (P. pratense)

	Pisum
	pea
	56 (P. sativum)
	

	Poterium
	
	 
	15 (P. sanguisorba)

	Raphanus
	radish
	32 (R. sativus)
	

	Salvia
	sage
	 
	23 (S. officinalis, S. triloba)

	Scorpiurus
	
	 
	38 (S. muricatus)

	Secale 
	rye
	49 (S. cereale)
	2 (S. montanum)

	Sesamum
	sesame
	22 (S. indicum)
	

	Securigera
	
	 
	22 (S. securidaca)

	Sideritis
	mountain tea
	 
	6 (S. syriaca, etc.)

	Solanum
	tomato, eggplant, potato
	580 (S.lycopersicum, S. melongena, S. tuberosum)
	

	Sorghum
	sorghum
	5 (S. bicolor)
	

	Spinacea
	spinach
	42 (S. oleraceae)
	

	Thymus
	thyme
	 
	15 (T. capitatus, T. vulgaris)

	Trifolium
	
	 
	947 (T. spumosum, T. arvense,
 T. stellatum, etc.)

	Trigonella
	
	 
	63 (T. foenum-graecum, 
T. balansae, etc.)

	Triticum
	wheat
	261 (T. aestivum, T. durum)
	44 (T. boeoticum)

	Vicia
	broad bean, vetch
	321 (V. faba, V. sativa)
	97 (V. cracca, V. hyrbida, 
V. narbonensis, etc.)

	Vigna
	cowpea
	136 (V. unguiculata) 
	

	Vitis
	grapevine
	270 (V. vinifera)
	

	Zea
	corn
	580 (Z. mays)
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