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(i)
PREFACE TO THE 1990 REVISION

Such has been the demand for this IBPGR Handbook that it has been
reprinted twice. The opportunity has been taken at this third reprinting
(1990) to revise Appendix 2 (with regard to seed storage characteristics) and
to provide additional information on seed storage in Appendixz 4, which has
arisen as the result of IBPGR-funded research at Reading, regarding the IBPGR
preferred conditions for long-term seed storage for genetic conservation.

We have not attempted to update any of the original estimates of costs.
Calculations based on general price inflation since 1981 are more than
adequate to allow £or increases in these costs in cash terms but will wvary
between countries. Experience has shown that it has been possible to
construct genebanks to the preferred standards slightly more cheaply than the
1981 indexed estimates. Some stores have cost a lot more, but the extra costs
were not essential to achieving the aims outlined here.

Those responsible for handling seed accessions in genebanks should also
consult the following two IBPGR Handbooks published in 1985.

IBPGR Handbook No. 2. '
R.H. Ellis, T.D, Hong and E.H. Roberts, 1985. Handbook of Seed Technology for

Genebanks, Volume I, Principles and Methodology, 210 pp. International

Board for Plant Genetic Resources, Rome.

IBPGR Handbook No. 3.

R.H. Ellis, T.D. Hong and E.H. Roberts, 1985. Handbook of Seed Technology for
Genebanks, Volume II, Compendium of Spegific Germination Information and Test
Recommendations, = e 211~-667. Internaticnal Board for Plant Genetic
Resources, Rome.

The following IBPGR Manual was especially designed as a practical
reference for technicians and staff involved in the day-to-day handling of
seed accessions (and is consequently less detailed than the above). It is
therefore useful to those responsible for staff training in genebanks.

J. Hanson, 1985, Procedures for Handling Seeds in Genebanks, 115 pp.
International Board for Plant Genetic Resources, Rome.

In addition, the following recent IBPGR publications will be of interest
to those concerned with recalcitrant seeds and the regeneration of seed
accessions, respectively.

H.F. Chin, 1988. Recalcitrant Seeds - A Status Report, 28 pp. International
Board for Plant Genetic Resources, Rome.

E.L. Breese, 1989. Regeneration and Multiplication of Germplasm Resouzces in
Seed Genebanks, 69 pp. International Board for FPlant Genetic Resources, Rome.
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(v)

PREFACE

The International Board for Plant Genetic Resources includes in its terms of reference 'the
determination of minimum standards for conservation and regeneration of stocks of both seeds

and vegetative material’,

FAOQ, through its Panel of Experts on Plant Exploration and Introduction, made recommenda-
tions in 1975 on the standards and procedures to be adopted in storing seeds for long-term and
medium-term conservation. In order to further this work, the IBPGR established a Working Group'
which met in Rome during 1976 to investigate the engineering, design and constructional aspects
of economical seed storage facilities. Their report’, published in December 1976, has been in
considerable demand and is now out of print. In the meanwhile there have been a number of
scientific and technical developments in seed storage and more thought has been given to the
operation and design of seed stores for genetic conservation. Moreover, economic circumstances
have changed since 1976. All of this suggested the need for revision. While basing this publica-
tion on the original report, we have taken the opportunity of providing more detail and giving
greater attention to medium-term as well as long-term storage. We have also given attention
to the use of deep-freeze chests for dealing with small collections, or as a temporary measure

for dealing with material while a larger facility is being built.

Estimates of costs are provided at 1981 prices. These are currently being held down by the
economic recession and are expected to rise at rates greater than inflation should the world

economy recover.

The draft of this report was sent for comment to members of the original Working Group,
to members of the IBPGR ad hoc Seed Storage Committee (the composition of both is shown
in Appendix 1) and also to Professor L. Kahre {(Director, Swedish State Seed Testing Stationy
Sweden) and Dr. D. Giacometti (Director, CENARGEN, Brazil). = We received many useful
comments, most of which have been incorporated. Howéver, since some suggestions have not
been included the authors must take responsibility for any shortcomings in the report which

follows.

] IBPGR, 1976. Report of IBPGR Working Group on Engineering, Design and Cost Aspects of
Long-term Seed Storage Facilities 19 pp, International Board for Plant Genetic
Resources, Rome.







Seed storage behaviour

1. Seeds can be classified into two distinct groups according to their storage physiology.

The first group is described as ‘orthodox'. It includes the majérity of arable and horticultural crop
species. In this group seed ageing, which ultimately results in seed death, occurs as a function hot only of
time but also of temperature and moisture coﬁtent. Consequently it is possible to influence the survival
period of seeds of these species by controlling the seed storage environment. Essentially the lower the
temperature and the lower the moisture content (at least down to 5%) the greater the longevity.

The second group is described as 'recalcitrant', It includes many important tropical plantation crops,
many tropical fruits, and a number of timber species of both the tropics and of the temperate latitudes. In
contrast to orthodox seeds, the rate of deterioration of recalcitrant ‘seeds is less easy to control because they
are damaged by drying and since they cannot be dried neither can they be cooled to sub-zero temperatures
because they would then be killed by freezing injury resulting from ice formation., Furthermore many of the
tropical recalcitrant species cannot be cooled to temperatures in the region of 10°C or less since they are
subject to chilling injury, At present most recalcitrant seeds can only be stored for a few weeks or _months
without loss of viability. Short-term storage methods usuaily involve treating the seeds with a fungicide and
keeping them moist with access to oxygen. This can be achieved by storing in thin polythene bags in a

moist, inert medium such as charcoal or sawdust,

2. Since there are no methods available yet for more than short-term storage of recalcitrant seeds, other
methods of conservation have to be relied on for species in this group]. Consequently this report is

concerned entirely with the storage of orthodox seeds.

3. Although the distinction between orthodox and recalcitrant seeds would appear to be reasonably clear,
mistakes in classification have occasionally been made. For example, when the first IBPGR report on the
design of seed storage facilities was published in 1976 it was thought that citrus seeds were recalcitrant, but
it 1s now known that they are orthodox and can be stored satisfactorily at low temperatures and low moisture
contents. A revised and extended list of species indicating storage and other characteristics is included in
Appendix 2 of this report. In some cases it will bé seen that the classification is tentative and may have to

be revised as further information becomes avallable. See alsc page 64.

Types of seed collections

4.  Genetic resources centres take responsibility for one or more of the following collections:
(i) base collections for long-term conservation, 7
(i) active collections for (a) medium-term conservation, (b) regeneration, (c) multiplication and
distribution, (d) evaluation and (e} documentation, - . _
(iii) duplicate collections (of base collections) for long-term conservation which are housed for security

in different locations from the correspanding base collections.

]M.W. King and E.H. Roberts, 17979. The Storage of Recalcitrant Seeds — Achievements and Possible

Approaches. 96 pp, International Board for Plant Genetic Resources, Rome,



Breeders' working collections are regarded as outside the framework of genetic resources centres, but use of
genetic resources by breeders will generate information which contributes to evaluation and documentation,

(The types of collections and their synonyms are described more fully in the glossary, Appendix 12.)

5. The long-term storage methods described below are suitable for base and duplicate collections. There is
no special reason why active collections or breeders' collections should not also be stored under long-term
storage conditions. However, apart from expense, other operational factors discussed below suggest that

medium-term storage systems may sometimes be more appropriate for active collections.
Conditions for long-term storage

6. The longevity of 'orthodox' seed may be dramatically improved by controlling the storage environment
because the increase in longevity with decrease in either temperature or moisture content is approximately
exponential - see the seed viability nomographs (Figures #.1 and 4.2, Appendix #). The 1976 Working Group
accepted as a general recommendation the proposed Preferred Standards for long-term seed storage installa-
tions as included in Appendix IV (revised July, 1975) of the Report of the Sixth Session of the FAO Panel of
Experts on Plant Exploration and Introducticn. These preferred standards specify storage at -18°C, or less, in
air-tight containers at a seed moisture content of 5 : 1% (wb [wet basis). In fact -18°C (or 0°F) is an
arbitrary temperature. Most equipment will operate economically at -20°C and this temperature has been
adopted for many calculations throughout this repori. See also page 64.

7. Seed moisture content during storage may be controlled in two ways. The method recommended for the
preferred conditions of long-term storage is to dry the seed to about 5% moisture content and then maintain
that moisture content by keeping the accessions in hermetic containers. The alternative to hermetic storage
would be to use open containers and control the relative humidity of the atmosphere in the coldroom, since
there is an equilibrium relationship between the relative humidity of the air and seed moisture content
{Appendix 3). However to achieve a satisfactory relative humidity for this purpose (i.e.-approximately 10 to
15% rh [relative humidity]) is difficult at sub-zero temperatures and can be prohibitively expensive. In
addition, although the hygroscopic characteristics of ‘seeds have been extensively investigated at near ambient
conditions, the relationships are less well understood at sub-zero temperatures. Most important, though, is the
fact that hermetic containers provide a safer method of controlling moisture content for, if refrigeration
equipment should fail, the sesds may take longer to warm up than the store air and consequently, if the'
seeds are in open containers, water might in certain circumstances condense on them and result in a rapid
rise in moisture content (Appendix 3).

8. These preferred standards provided storagé conditions which are superior to those previously in general
use. The reason for specifying these standards was that increasing the storage period by improving the
storage environment would reduce the frequency at which accessions would need to. be both monitored and
regenerated (Appendix &), thereby reducing costs and also the difficulties and dangers of regeneration, without

greatly affecting the capital and running costs as compared with less satisfactory stores (Appendix 9).

9. The simplicity of the preferred conditions, i.e. a single environment for all orthodox species, provides the
advantage that a single store can accommodate very many different species. Nevertheless in a given environ-

ment the longevity of seed of different species differs greatly (Appendix &).
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10. The 1976 Working Group suggested that the temperature standard could be relaxed to -10°C if the seed
bank was restricted to a few species with good storage characteristics such as the commen cereals. Accord-
ingly any store which operates at -10°C or less has been listed as a long-term store (Appendix 12}. Present
indications suggest that accessions stored at -10°C will require moﬁitoring and regenerating twice as
frequently as those at -18°C. Consequently it is recommended that new facilities should adopt -18°C or less,
because any saving on capital and running costs of the store will be outweighed in the long-term by the
increased staffing and costs required for these increased frequencies. It is suggested that -10°C only be
adopted where there are constructional constraints in converting existing buildings to long-term seed stores or

when refrigeration equipment is unable to maintain -18°C, See also page 64.

1f. For a few 'orthodox' species with inherently very poor storage characteristics it may prove advisable to

improve upon the preferred conditions of. storage. The simplest procedure would be to reduce seed moisture
content for these species still further and then store them hermetically at the preferred temperature, since
this would only require the one coldroom, For example true seed of potato can be easily dried to 2.5%
moisture content {e.g. in the presence of regularly regenerated silica gel) and this results in an approximate
teniold increase in subsequent longevity compared to seed at 5% moisture content. In some species, however,
damage may be caused by excessive drying which results in a failure to germinate normally (Appendix &)
and, if the use of ultra-low moisture contents is to be adopted, it is important to check the response of
species first if this is not already known. The second approach, not excluded by the prescription of the
preferred conditions, is to reduce the temperature well below -18°C. The extreme limit currently being
investigated, most notably by the National Seed Storage Laboratory at Fort Collins, is storage in liquid
nitrogeh at -196°C, However no design criteria are provided in this report for such stores because they are
still at the developmental stage. The IBPGR ad hoc Advisory Committee on Seed Storage wishes to see a
protocol developed from pilot projécts and reliability confirmed before recommending liquid nitrogen storage

for general adoption in certain species, See also page 64.

Conditions for medium-term storage

12. The accession size of active collections is likely to be larger than for base collections and the rate of
depletion is likely to be more rapid since it is from these collections that material is distributed for
evaluation and breeding. Regeneration may have to be instituted more oiften from depletion of stocks in this
way than because of loss of viability. Accordingly there is not the same pressure to extend longevity as
‘there is within base collections. Thus many active collections are housed at temperatures between 0° and
10°C and stores of this kind have been classified as medium-term stores (Appendix 12}). The recommended
seed moisture content can be controlled either by using hermetic containers or, if samples are withdrawn
more frequently, it may be consideréd more convenient to use unsealed containers and control air relative
hurmidity (although running costs are comparatively high - Appendix 9). 1f the latter policy is adopted then
the lower the relative humidity, at least down to 15% rh, the bettér, but a wide variation in moisture
content must be expected both between and, to a lesser extent, within species. This will require direct
monitoring of seed moisture content - which may consume relatively large quantities of seed (Appendix 5),
although to avoid regularly monitoring seed moisture content some gene banks add a coloured self-indicating
dehydration agent to each container - which is then regularly checked and replaced. If this technique is used

care should be taken that the relative humidity at which the indicator changes colour is known. (The
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coloured indicator can be mixed with the cheaper, non-indicating dehydration agent in a i:10 ratic to reduce
costs.) The most commenly used indicator is silica gel containing cobalt chloride. This begins to lose its
dark blue colour at about 15% rh, becomes colourless at about 30% rh and begins to turn pink at about
£5% rh. An equation is provided (Appendix 3} as a rough guide to the seed moisture contents to be expected
at various relative humidity values. Alternatively, if hermetic containers are used then there will be no need

to control the relative humidity of the store and seed moisture content need not be monitored so frequently.

13. Sufficient data are not yet available to indicate the periods of viability to be expected for many crops
but the nomographs for barley (which has good storage characteristics) and onion {which has poor storage
characteristics) will provide some guidance as to the range of storage periods likely to be obtained in various

types of store {Appendix 4).

Drying seed and determining moisture content

T#. To satisfy the preferred storage conditions it will normally be necessary to dry accessions to & - 6%
moisture content (wb). Thus the moisture content of accessions on receipt must be determined to ascertain
whether drying is necessary, and if so to determine the loss in moisture that is required. Since different
moisture determination techniques give different results, it is recommended that the oven-drying methods
prescribed by the International Seed Testing Association (ISTA) are adopted. These are discussed in

Appendix 5.

15. For many species a moisture content of 5% is considerably less than that of seed in commercial
practice. Also the moisture content of accessions when received at the seed bank is likely to vary greatly
between species (compare small grained cereal seed with that from tree fruits). Consequently the technigues,
equipment and recommendations that are appropriate to commercial practice are not necessarily the most

suitable for seed banks.

16. Seed bank staff require a seed drying procedufe that is not only benign to the seed, but that is also
simple to operate and apply to the many different seed lots of the many different species which many seed
banks have to handle. Recommendations for hot-air drying techniques vary with the design of the equipment,
the species and the initial seed moisture content. They are often inappropriate to poor quality and hetero-
genecus seed lots, and are difficult to operate under humid tropical conditions unless combined with
dehumidification. Thus no single hot-air drying technique can be recommended as a standard procedure for
all seed banks. Because of this complex situation and to help minimise both the gene bank workload and loss
of viability during drying, equations and nomog:;ams which show the inter-relationships between various aspects

of the drying environment are provided in Appendix 3.

17. The simplest solution to the problem of drying seed to 5% moisture content is to provide a drying room
maintained at about 15°C and 10-15% rh with good air recirculation, This environment can be achieved by
an air dehumidifier (sorption-type) with refrigeration to lower the temperature and remove the heat generated
by the air dehumidifier. Refrigeration dehumidifiers are unsuitable for this purpose, This, and alternative
equipment, is discussed .in Appendix 3. Seeds are exposed to this environment in thin layers on open trays.
This solution to the drying problem has been adopted by several seed banks, e.g. at the Royal Botanic



Gardens, Kew at Wakehurst Place, and at the National Vegetable Research Station at Wellesbourne, UK.
A similar solution is used at the Nordic 'Gene Bank, Lund, Sweden, but there accessions are dried within
thin-woven cotton bags in order to prevent the accidental mixing of accessions that might occur with open
trays. This is a satisfactory technique but, unless the bags are force 'ventilated', the time taken to dry the
seed will be considerably increased, For many species (e.g. the small seeded vegetables) in open trays, drying
to below 6% occurs fairly rapidly over about tén days. However for larger seeds, e.g. maize and beans,
drying is much slower and a longer period of exposure is necessary.’ Table | provides estimates of the cost
of providing drying rooms of different sizes to .these specifications. It should be noted that the running costs
of these rooms are higher than those of an equivalent size coldroom. This is particularly so in tropical
~ humid climates where it is necessary to provide a series of dehumidified buffer zones to progresswely reduce

the dewpoint temperature to the desired level.

18. To reduce drying. times for the larger seeds an alternative solution is to use a two-stage drying system
in which during the first stage the drying room is maintained at 17°C with about 40-#5% rh using conven-
tional air-conditioning systems (i.e. refrigeration dehumidifiers, Appendix 3). This would dry highA oil-content
(e.g. groundnuts) or starchy seeds (e.g. wheat) to about 7% and 12% equilibrium moisture contents {(wb)
réspectively. During the second stage final drying to below 6% moisture content can be achieved in a self-
contained drier (sorption type) with through air recirculation but no refrigeration, say at about  30°C
with 10-15% rh (Appendix 3).

19. It is advisable with either system that standby dehumidifiers or air-conditioners are available in the
event of equipment failure. It is suggested that the weight of accessions is monitored during drying to
determine when the required loss in moisture has been achieved (Appendix 3); although when experience has
been gained with a’ particular type of seed, .it may be sufficient to dry for a standard time.

Hermetic containers

20. After seed drying, moisture content must .be méintained during long-term storage by hermetic containers
(para. 7). An alternative, for medium-term stores, is to maintain the coldstore at approximately 10-15% rh
and store .the seed in open containers {(para. 12). Any material which is impermeable to water could be used
for hermetic containers. In practice, three types of material are being used and considered suitable: glass,

metal and aluminium foil laminates.

2]. Glass vials which are sealed by annealing the glass are relatively safe and cheap, having a low unit cost
and require no capital investment. They aré, however, rather inconvenient to prepare and seal, taking
approximately four to ten times the 'period required to package seed in other containers. Glass -jars with
screw caps are rather more convenient but the seals are not always perfect. Natural rubber seals are
reported to be reasonably reliable (provided they are replaced after opening) but some types of plastic seal
show a high failure rate. Cobalt chloride paper or coloured silica gel can be included in the jars to detect
an increase in moisture content (para. 12), but this requires regular visual examination of all containers' in
store, Some glass containers are rel'atively fragile.

22. Metal cans are relatively convenient. Lacquered cans should be purchased to minimise rust problems,
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unless the cans are made from aluminium. Screw-cap, or similar, cans have the advantage, as do glass jars,
of being re-usable, but they may not always form perfect seals; moreover any indicator of leakage inside the
container can only be inspected by opening the container. Nevertheless, they have been used satisfactorily in
a number of seed banks, Seamed, 'three piece’ or 'two piece’, cans ai'é both safe and convenient, although
they require the capital investment of a double-seamer to seal the cans (about US $3,000) and careful
adjustment and inspection (of seam thickness using a micrometer) to ensure perfect seals. However the cans

themselves are cheap.

23. Laminated aluminium foil packets are very convenient. They are inexpensive, occcupy little storeroom
space before use, can be cut to various sizes, and be re-used after sampling. They do, however, require the
capital investment of a sealing machine {US 31,000} and careful adjustment and inspection to ensure adequate’
seals, Moreover the packets must have a robust specification, be obtained from a reliable manufacturer and

not abused during {filling and handling. These points are considered in detail in Appendix 6.

The size of accessions and the volume of the coldroom

24, The provisional recommendations of the 1976 report were that the size of each accession in base
cellections should, if possible, not be less than about #,000 seeds for genetically uniform material {e.g.
established varieties of self-pollinating crops, or F1 hybrids) and 12,000 seeds for heterogeneous material, and
1,000 and 3,000 seeds respectively in duplicate collections at other centres, The ad hoc ‘Seed Storage
Committee sees no reason to alter these recommendations. However, for very large seeds it may be

necessary to reduce these quantities.

23. The weight of, and the volume occupied by seeds varies greatly between species, and to a lesser extent
withir species. In Appendix 2 we have provided some information on these values for many species, including
most of those on IBPGR Priority Lists, which may assist in planning the volume required for each accession.
Obviously the total number of accessions a given coldstore can hold will depend on the species to be stored

and the proportion of the volume of the store to be provided to each species.

26, Wheat is a convenieni species to provide an example for planning store velumes, since many other
common caraals have similer 1,000 seed volumes. 12,000 wheat seeds occupy about 600 ml (Appendix 2).
This volume can be readily accommodated in a cylindrical metal can of approximately 880 ml internal volume
(i03 mm diameter x 114 mm height). In a store one container would occupy a square prism of almost

1.3 1, with a maximum packing density of 90 cans per m? of shelf area.

27. However it is not possible to fill the internal volume of the coldstore with containers. First it is
essential to atlow sufficient coid air circulation between the inner surfaces of the coldroom and its contents
to prevent unacceptable temperature gradients. There should be a minimem gap of 20 cm between the
coldroom walls and shelving, 10 cm between the floor and the lowest shelf and a 50 cm gap at the top of
shelves to allow, in additilon to cold air circulation, for lighting fittings, and a ceiling-mounted air cooler
(if installed). Second it is necessary to provide a shelving system that enables accessions to be easily
located and removed from store without having to displace other accessions. It follows that the choice and

layout of the shelving system determines the total number of accessions that can be accommodated within a



given store. Installing mobile shelving sytems (fabricated from .steel protected by a PVC coating or stove
enamelled paint), as used for example in libraries and factory storerooms, in place of static shelving, can
double the number of samples which, for example, a1l00 m* store could contain, without radically changing
the refrigeration requirement (Appendix 8). Accordingly, it is recommended that manually propelled mobile

shelving stacks be installed in long-term cold stores.

28. Access to material in mobile shelving is gained by providing two passageways (100-120 cm wide) at
right angles to each other. The shelves (30-50 cm from front to back) should be capable of withstanding
loads of 150-200 kg/m* and can be assembled to form trays with a raised outer edge to retain samples when
the shelves are moved. The vertical spacing of individual shelves must be arranged according te container
size and operator reach. The maximumn convenient height is 2 m. A library kickstool will ease access to the
upper shelves. Drawers or removable boxes should be incorporated, particularly for small-size accessions.
These will help the orderly incorporation of accessions into, and any possible emergency evacuation of
accessions out of the store, as well as preventing accessions from being dislodged when shelves are moved,
Mobile shelving systems normaily include a false floor {loading 1,500 kg/m?) recessed for the shelf unit tracks
and fitted with end stops to prevent wall damage. A similar reinforcement should be constructed for free-
standing static shelving because of the exfremely high 'point contact' loads provided by the shelf framing,
which could otherwise damage the floor insulation and underfloor heating system (para. 36). This can be

fabricated from embossed aluminium plates or a layer of granolithic cement.

29, Whether mobile or static shelves are installed, it is important that they do not block cold air circulation,

Consequently if backplates or sideplates are fitted to shelves they should be perforated.

30. A procedure is shown in Appendix & as an example of the calculations necessary for providing the

information in Table 1. It is indicative of the considerations required to design a store of any Size.

3l. As a procedure for estimating the cold storage space required when a gene bankis being established,
it is suggested that an attempt is made to assess the probable number of accessions which are expected
over the next, say, 10 years, and base the storage fequirement on this estimate. While it is more economi-
cal to construct single large coldrooms of the required capacity than to provide the equivalent volume in
several smaller coldrooms (Table 1), dividing a collection between two coldrooms does give additional.
protection against equipment failure. In any case it would be advisable to design the layout of the first
coldroom and its associated facilities so that a second coldroom could be added in the future without
difficulty, should it be required. Presumably the individual foreseeable requirements for the majority of
gene banks will be between about 7,000-70,000 accessions and will thus fall within the coldroom size range
50-300 m® with a capital cost for coldroom and shelving between about US $& to US $1.5 per accession

respectively (Table 1).
Coldroom design: 1, Design standards -
32. It is recommended that specifications for tender be based on one of the major national codes and

standards, For example, the Codes and Standards of the American Society of Heating and Refrigeration
Engineers (ASHRE) are helpful and widely accepted.



Coldroom design: 2. Coldroom thermal insulation and construction

33, It is recommended that the coldroom is constructed from factory prefabricated interiocking insulated
panels. Those made from painted galvanised steel sheeting, with sealed lap joints, containing polyurethane
foam (loeng-term thermal conductivity 0.017-0.023 W/m per 1°C) mixed with a fire retardant, are preferred
because such panels are competitively mass produced with strict quality control, Moreover, the use of pre-
formed insulating panels avoids any health hazards which are associated with in situ polyurethane foam
production, Pre-formed insulating panels containing polyurethane foam present no hazard to health except in
the event of fire {para. 67). Modular coldrooms, constructed from these panels, are self-supporting up to a
width of 7 m and are therefore less vulnerable to earthguake damage. They can be dismantled for removal
or repair work. The protective steel casing is resistant to vermin and impervious to water vapour ingress.
Fastenings {bolts and screws) should not be rmade right through the steel facings and tightened, for poly-
urethane foam is a viscoelastic material which will creep in time so that the screwed fixing will become
sloppy, thereby allowing ingress of the atmosphere and thus water vapour. It is essential that ingress of
moisture into the store is minimised in order to prevent excessive icing of the evaporator, to maintain the
integrity of the insulation, and to prevent rusting of any ferrous materials (e.g. shelving or metal containers).
In other words the coldroom must be properly sealed. (A simple coldroom pressure test procedure for testing
air infiltration is given in Appendix 7.} Rusting may occur if the air exceeds about 65% rh. Coldrooms will
operate within the range 25-45% rh if fitted with dehumidified air-locks (para. 48) controlled at 10-15% rh.
If such an air-lock is provided it is not necessary to use stainless steel fittings within the coldroom.
Permanent coldrooms may be constructed from multiple layers of slab stock insulation secured by vapour seal
bonding with external and internal sheet metal cladding provided that they are constructed to the same high

standard; but they can be more costly to erect.

34. It is recommended that the appropriate insulation thickness be selected on the basis of "least cost
operation” (Appendix 9), because the accumnulated running costs of a badly insulated coldroom over a numnber
of years, may well exceed the original capital expenditure. Coldroom panels should be preferably 200 mm
fand not less than 150 mm) thick for opesration at -20°C under tropical applications, but proportionally less
for other climates, according to the difference between ambient and coldroom temperature (Appendix 9).
It is recommended that modular coldrooms be factory tested to certify the standard of thermal insulation
(Appendix 7).

35, Coldroom doors {100-120 cm wide) either hinged or sliding must have heated seals to prevent local
icing, and preferably be fitted with a triple glazed inspection window (50 cm x 50 cm). Similarly, medium-
term stores which operate under tropical conditions without a dehumidified air-lock should be fitted with
heated door seals to prevent local condensation. To limit the flow of air out of the coldroom when the
door is opened (due to the differences in air density) a nylon-reinforced transparent PVC (cold store grade)
strip curtain should be suspended from the coldroom door frame. Air curtains offer no special advantage
over strip PVC curtains for this application. A small gap should be made to allow inspection through the
coldroom door window. Precautionary measures must be taken to prevent air pressure, produced by either
cooling ambient air or opening/closing the hinged coldroom door, from causing structural damage. This
problem may be resolved, for example, by attaching a non-recessed flexible seal to the underside of the

coldroom door {small stores) or by fitting a heated ventilator port to equalise air pressures.



- 10 -

36. Coldrooms constructed at ground level and operating at temperatures below G°C in temperate regions
must be fitted with underflecor heating systems to prevent frost heave, i.e. freezing of ground water which
expands to distort and damage the coldroom floor.  Various heating methods, ranging from underfloor
ventilation to circulating oil through a grid of buried pipes, are equally satisfactory, providing they maintain
a temperature of 4°C immediately under the insulated floor. It is recommended that a simple thermo-
statically controlled low voltage electric cable heating circuit, formed by laying a network of PVC coated
heavy gauge stainless steel wire (3.25 mm diameter), laid in the concrete flecor supporting a coldroom, be
used. Provision must be made beneath the floor for more than one thermometer/temperature sensor pocket
for monitoring and alarm purposes. A heater load of 5-10 W/m? of floor area {depending on soil temperature
and locality) is adequate. However, neither smail coldrooms (less than 50 m?) built on raised frames nor
larger coldrooms operating under tropical conditions require underfloor heating. Special action must be taken
when metal stanchions (or large bolts) penetrate the coldroom floor into an unheated, unsealed concrete floor
on bare earth, The high thermal conductivity of the metal plus a small temperature gradient would produce
local ground freezing, capable of moving the heavy column upwards to cause structural damage, even though
the stanchion is well -insulated. Once again, the problem can be solved by placing a heater circuit around
the base of each stanchion or large bolt. Similarly, although a false floor is essential to distribute the
shelf load (para, 28), great care must be taken not to damage the frost heave protection circuits during

installation,

Coldroom design: 3. Refrigeration plant

37. In view of its well tried reliability and ease of maintenance, it is recommended that conventional direct
or indirect vapour-compression based refrigeration cycles are used. Such systems can be obtained as package
units, factory tested for tropical or other environments. Cheaper, hermetically sealed refrigeration units
may be used for small installations but their motors can be damaged if the mains voltage changes by more
than + 6-10% of the declared supply rating. Open type units (belt driven compressor with separate electric
motor) are recommended because they can be easlly repaired and can be progressively replaced. Refrigerants
Ri2 and R22 or R506 are recommended for medium- and long-term storage facilities respectively. Freely
ventilated air-cocled condensers (derate by 1% per 1°C rise above maximum operational temperature), which
dissipate heat removed from the coldroom during refrigeration, are recommended because water-cooled
condensers are liable to failure should the water supply be interrupted or contaminated by impurities.
Coldroom air-coolers, incorporating the refrigeration system evaporator coil, and air recirculation fan and
drainage tray, must be fitted with removable electric heater elements for defrosting if the control air
temperature is below 2°C. (Incidentally, air coolers fitted in medium-term stores operating at 10°-15°C and
40% rh may contain a reheat coil for humidity control, but the evaporator inay require defrosting.) The
drain pipe {(protected within the coldroom by a low voltage heater tape - 45 W/m run) should be connected
externally to a water trap, leading to a sewer, by a length of transparent plastic tubing, arranged to prevent
noxious gases from being drawn into the coldroom. The effectiveness of the cooling system can be monitored
by weighing the condensate melted during successive defrost cycles. The amount of moisture entering a

coldroom fitted with a dehumidified air-lock is small.

38. It is recommended that the defrost cycle be time-switch initiated and stopped by a thermostat to keep

the heating period to a minimum. The refrigeration unit must be switched off during defrosting and the
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air-cooler fans only restarted after the residual moisture has frozen on the evaporator, otherwise water will
be blown on to the shelving. The air-cooler unit can be wired to operate only at the maximum ventilating
rate when a coldroom is unoccupied; this precaution reduces the air 'chilling factor’, making coldroomn work
more tolerable. The air recirculation rate must not be less than 5-10 air changes/h (hour) and the refrigera-
tion thermostat should be positioned centrally to control the return air temperature to within = 1°C of the
thermostat setting. High and low refrigerant pressure gauges and a liguid line sight glasses are useful for

monitoring refrigeration performance. High and low temperature alarm thermostats are also desirable,

39. Each coldroom should be provided with two independent refrigeration systems sized for a 16 h maximum
design load duty. Allowance must bz made for any additional refrigeration load - such as sorption-type air
dehumidifiers. The independent refrigeration systems should be run alternately, for monthly periods, to ensure
they remain in good working order. Refrigeration units larger than 1 kW rating should not be mounted on

the coldroom structure, because long-term vibration may damage the insulated panels.

Electricity supply and maintaining gene bank services In emesrgency

40. Major gene bank installations require a three-phase alternating current power supply to cope with the
high starting current of refrigeration equipment (use the locked-rotor current load to estimate this), but
small walk-in cold-rooms and deep-freeze cabinets are usually designed for single-phase operation. It is
vitally important that the local mains voltage, frequency, and its fluctuations be measured in order that this
information can be clearly specified when ordering equipment - so as to prevent electric motor failure. Any
plans for future expansion of gene bank activities likely to affect demand must be taken into account whzn
calculating the total demand on the lotal power distribution nztwork. The total connected load ranges from
20-100 kVA (3 times the actual maximum connected load) for coldroom sizes recommended in this report

{see Table 1), but additional air conditioning plant would increase this estimate.

41, A useful precaution is to install a battery power supply (12 V with mains powered charger) within the

coldstore (para. 65) and adjacent areas for emergency lighting during disruptions to the power supply.

42. Standby power generator seis (diesel) are required to maintain the minimum gene bank services -
refrigeration, drying and lighting. Fuel consumption is approximately 0.142 kg/kWh of electricity ganerated.
A 6 month reserve fuel supply should be maintained (but not adjacent to the store). The room, or building,
housing the standby generator set(s) should be provided with emergency lighting ({para.41). Manual or
automatic starting is available. However, manual starting permits sequential load switching on a priority
basis, with due regard to existing equipment failures and electrical short circuits {blown {uses etc.), which .
might otherwise overload, damage or shut down automatic p}ant. Diesel generator sets are usually designed
to work in ambient temperatures up to 4%0°C. Above this temperature the output must be derated by
0.5% per 1°C. Conversely, in coal climates a sump heater may be required during cold weather. A service
hour counter should be fitted and plant maintenance undertaken at the intervals recommended by the

manufacturers. Tractor powered generators may be used in an emergency.

43, The time available for rectifying major refrigeration or standby generator faults is related to the

‘coldroom time constant’, i.e. the time taken for the store temperature to rise through 63% of the range
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from operating to ambient temperature. The coldroom time constant is dependent upon the insulation
thickness and the coldroom internal thermal mass. For instance, a half filled 100 m? capacity coldroom,
constructed from 125 mm polyurethane panels, would take approximately four days to heat from -20°C to g°C
when the ambient temparature averages 20°C. A completely full store would take twice as long to reheat,
But this loss of temperature control would be no worse than a comparable delay before putting the seeds
into storage after drying. This is because there is no evidence that temperature change itself affects
viability. In fact all investigations carried out on the effect of temperature change on seed viability indicate
that it is the integral of temperature which is important. Because of this temporary short-term failures
wilt have no significant effect on storage life, providing they do not add up te a significant period at
ambient temperature. Thus although standby generators are required to guard against longer-term failures, it

may not be necessary to take any further precautions.

4. Nevertheless, if various direct refrigerants (sclid and liquid carbon dioxide, liquid air or liquid nitrogen)
are available locally it might be worth considering a further standby system which utilises one of these for
emergency cooling purposes. Liquid nitrogen is usually the least expensive of the four alternatives and the
refrigerant most suitable for direct refrigeration of coldrooms and deep freeze cabinets. Simple automatic
control equipment (for operation during a power failure) is available to maintain a temperature of -20°C.
The control temperature is maintained by injecting the requisite amount of liquid nitrogen into the storage
space to give an equivalent refrigeration effect of 113 W/kg (-20°C). However, liquid nitrogen expands by
610 times during vaporisation. Consequently a suitable air/nitrogen vent must be fitted to prevent coldroom
structural damage from occurring as a result of increased pressure within the store. In addition, the nitrogen
vapour will diminish the concentration of oxygen and therefore the coldroom must be fully ventilated with

fresh air before staff enter the cold store (see also para. 63).

Temporary or alternative seed storage facilities

45, The cold store design described here (paras. 33-39) is conventional and similar to those which many
gene banks already have in operation throughout the world. However in certain circumstances, alternative
facilities might be required. For example to provide temporary facilities during major collecting missions or
during the construction of a conventional store; or to provide a relatively inexpensive storage facility for a
very small collection; or to provide a store with lower power requirements. These special requirements are

considered in Appendix 10.

Monitoring gene bank environments

46. It is advisable that the environments - temperature and relative “humidity - within both the coldstore
and the drying room are regularly monitored and logged, It is recommended that each coldroom should be
provided with two certificated mercury-in-glass thermometers covering tha storage-ambient temperature range.
These should be mounted within the main shelving area. Similarly, a further two thermometers should be
mounted in the main shelving area of the drying room. Secondary, remote, temperature monitoring can be
done by rmulti-channel strip chart recorders {US $1,500-2,500), or reliable digital recorders operating on the
emergency, or separate, low voltage power supply with calibrated thermocouple junction or platinum resistance
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thermometers located to detect coldroom temperature extremes. An gol;u‘;put_ for the underfloor temperature
sensor {para. 36) could also be provided on this recorder. L N -

47. Relative humidity - in medium-term cold stores, drying rooms ahct any other area in which relative
humidity control is necessary - can be measured by many different empirical methods. The linear measure-
ment of hygroscopic materials, unaspirated wet bulb thermometers and the changing electrical properties of
various substances are only suitable for monitoring purposes. Observing dew formation on cooled mirrors
{simple dew-point apparatus) or the expansion of an air/water vapour mixture are recommended for calibration
purposes {+ 1°C dew-point temperature). A sling psychrometer (whir[ing ‘hygrometers) or Assimann hygrometer
(or similar meteorological instrument) are very satisfactory for dryingA roomn conditions above #°C providing
both the wet- and dry-bulb thermometers are fully shielded from radiant heat sources. Great care must be
taken to ensure that the appropriate conversion or calibration tables are used - particularly for sub-zero
temperatures. The relative humidity can be determined from (aspirated) wet- and dry-bulb thermometer

readings using a psychrometric chart {Appendix 3).

Air-iock

48. It is recommended that all sizes of walk-in coldrooms with over 20 m?® storage capacity, be fitted with
air-locks to prevent the incursion of warm moist air into the cold s_tore(s). Air-locks comprise a cubicle
enclosing the coldroom entrance with a second outer door (preferably at right angles to the first) and are
constructed from a suitable vapour sealed (i.e. moisture-proof) insu[gjing material. The outer door must
always be closed before entering the main coldroom. It is advisable -torp,rc_)vid__e side wall and door windows
{50 cm x 50 cm). The air-lock air space may be dehumidified to the c::gl.d_roo;jn dew-point temperature (Appan-
dix 3) and if this precaution is taken it has a secondary advantagé; it can be used to allow frozen
accessions to reheat to the ambient temperature without moisture cond_énsjng on containers (para. 2J), A floor
area of at least 6 m? is essential so that the ccldroom door can be opened without obstructing a trolley
and personnel. Access through the air-lock must also be sufficient to enable the largest items within the

cold store, e.g. shelves, to be replaced.

49. A double air-lock can be provided by building the drying room and/or dehumidified packaging room
adjacent to the coldroom entrance, This would be particularly advantageous in humid climates or when
coldrooms are entered frequently. The air-lock can be repositioned to the side of an enlarged insulated room
with one wall (two if placed between two coldrooms) formed by the coldroom front. This arrangement saves
construction costs. It can be of modular construction and designed and t{uilt to form a single general purpose
coldroom-drying room-packaging room comple)é, and is particularly suitable for small to medium size gene
banks. The area of, and the equipm;ent contained within this room will depend upon its function(s) but is
likely to be between 12-30 m2, A cabinet for coldroom protective clothing {(para. 63) is required. The air
recirculation rate in this dehumidified room must bs not less than 10 air changes per heur, and preferably
at 2 mm wg (water gauge) above atmospheric pressure. Since staff may work for considerable periods in
this environment adequate artificial lighting is essential (500 Iux at work level). In addition the IBPGR ad hoc
committee on Seed Storage has “recommended that windows (double glazed) be provided to improve the

working environment.
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Ancillary facilities

50. The coldroom is only one element in the provision of a long-term seed storage facility. Further
elements are required to support and service the store. These are indicated in Appendix 11. Before they
are placed in cold storage, accessions must be registered, cleaned, dried, packagad and assessed. During
storage accessions will require temporary removal from storage to enable samples to be extracted for
monitoring germination (and possibly moisture content} tests, and to satisfy requests for material and
ultimately for regeneration (leaving a certain amount of seed in store in case of accidents if the regeneration
procedure fails). In some institutes where seed banks are being established there may be existing labora-
tories, offices and equipment which can provide the necessary facilities. In other cases all the appropriate

facilities may have to be built.

51. Although seed should be dried to 5% moisture content as soon as possible after receipt, in order to
avoid unwittingly ageing the seed before it is stored, there could be some unavoidable delay. First material
will need to be inspected, accepted, prepared (e.g. threshed), and cleaned {i.e. remove chaff, dirt, broken
seeds and weed seeds from the bulk). Secondly, bottlenecks in the input procedure may delay the start of
drying. It is therefore advisable either to control the environment in the cleaning and threshing areas to
provide a temporary storage facility, or to provide a separate room for this purpose {Appendix 11). It may
‘be necessary to provide a fumigation chamber in this area. The capacity of the drying room must be
sufficient to enable large numbers of accessions to be received during the initial ﬁommissioning period,
A preliminary design estimate would be to allow for an annual drying load of 15-30% by weight of the

maximum cold store capacity.

52. The area required for packaging will depend on throughput but is unlikely to be less than 12 m?, and
there is a need to allow space for cne or more balances. I possible, the relative hunidity of the packaging
room should be maintained at the same level as the drying room, otherwise seed moisture content will rise

during packaging. This is a particular problem with very small seed, " e.g. sugar cane.

53. In a small gene bank, the cleaning, drying and packaging operations could all take place in a single low
humidity room, preferably adjacent to the cold store (para. 49). The arrangement of rooms to provide these

facilities are discussed in Appendix 11.

54. Laboratory space will depend upon the number of staff working within the laboratory and the amount of
equipment located there, The following list is provided as an indication of the minimum area required in a

seed laboratory for the equipment and its associated access.

mZ

(a) Two people will require a floor area of 2 m x 3 m for benchspace. 6

(b) Further bench area for miscellaneous use. 3

(¢} A (three) balance bench with space for desiccators. 3

{d} An oven and grinder for moisture content determinations. 3
(e) Six incubators (three for germination testing, two for seed health testing,

and a domestic refrigerafor)- Vi

{f) An aseptic room for preparing seed health tests.
{g) Washing-up area with autoclave and drying cabinet,
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i

(h) Seed humidification chamber {see Appendix 3) 2
(i) Fume cupboard 2
{j) Glassware cabinets, etc. 3
Total mintmum area of [aboratory . 46

or 40 m? if no provision is made for seed health testing.

55. The cost of providing apparatus for this laboratory would be about US $14,000.

56. An X—ray machine” for detecting empty seeds would be useful, indeed essential if certain seeds (e.g.

many grass and tree species) are to be tested. Some designs of equipment require a separate, dark room
(at least 4 m?). Other designs can be -operated (safely) within the laboratory, but in either case a photo-
graphic dark room is required unless polaroid-type film is used or no permanent record is required, Suitable,
basic equipment will cost upwards of US $12,000, though additional, opﬂonal, equipment might double

this cost.

57. If two of the incubators are replaced by two walk-in germinators (each 2 m x 2 m), the domestic
refrigerator (for seed dormancy breaking treatments) is replaced with a walk-in coldroom at about 5°C
(2 m x 2 m), a growth room is provided for sced health investigations beyond the early stages of germina-
tion (2 m x 3 m), and bench space is provided for an additional member of staff, the required laboratory

area would increase to about 70 m?.

58. An office for the seed bank -manager'can be combined with a records office and need not occupy more
than 20 m?  The size of general purpose storage rooms will depend upon the choice of seed storage
containers. Cans will occupy far more store room space than an equal number of laminated foil packets.
Never:'gheless a 40 m?* provision should be adequate and enable consumable items to be ordered in sufficient
quanti’ties in advance of demand. Ten m? should be sufficient for the provision of two lavatories and wash-
basins, an emergency shower and a cupboard for cleaning materials, In addition a seminar/coffee room of
about 15 m? or more would enable visitors to be accommodated in comfort without disrupting the routine of

the gene bank, and provide a basic staff rest facility.

59. In all but the smallest stores a machinery room (external to the building which houses the bank and
well ventilated) will be required for the refrigeration plant, air-debumidifiers and standby generator set{s).
The area of this room will need to be approximately 20% of the coldroom floor area, but in any case

not less than 10 méZ.

60. The total area of buildings required for ancillary purposes can now be estimated:
R .

m
Machinery room 10-40
Seed drying room 10-30
Seed cleaning and packaging rooms 30-90
Seed testing l-aboratory &0-70
Offices and records room 20-40

Dark room L
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m!
Store room(s) 40
Toilet and service room 10-20
Seminar/rest rcom 15-30
Total 179-364

In addition up to 20% more floor area may be needed for circulation (e.g. entrance vestibule, corridors),
In a small establishment it should be possible to reduce the above allocations without drastically affecting the
efficiency of the organisation. The cost of providing a building to house both a prefabricated coldroom and
the ancillary facilities will vary widely according to location, As an approximate guide in a number of
countries this would be currently about US $600-1,000/m?, including the provision of mains services and

architects' fees.

61. This suggested provision of facilities makes no allowance for any duties other than those essential for
the operation of a base collection within a gene bank. The sequence of operations is outlined in Appendix 11
Some thought should be given to whether further facilities are required, or might be required in the future,

e.g. facilities for regeneration, tissue culture or research.

Safety precautions

62. Gene bank planners and operators must aim to minimise installation and operating costs without
jeopardising coldroom safety laws and codes of practice. Frequent surveys and alarm system tests are recom-

mended.

63. All persons working at low temperatures must be provided with suitable protective clothing, The
in-store working period should be kept to a minimum. Additional ventilation must be provided if the coldroom
respired carbon dioxide gas concentration exceeds 0.5%. It is recommended that senior staff be instructed to
use gas detection apparatus for direct and indirect refrigerants. For safety, and security, only authorized

personnel should be allowed within the cold store.

64. An audible personnel alarm, low voltage type, should be provided for coldroom staff. Alarm switches
should be located by every door, at 45 cm above floor level, in case the worker is unable to stand. Fire
alarm switches should aiso be located near fire exit points so that a person can raise the alarm but still
have a direct escape route, The alarm, a gong or siren, must have a distinctive tone and should be located
where there is always somebody in attendance. The alarm system should be controlled by a key-switch in
the charge of a senior security officer. Each low temperature coldroomn and drying room should be fitted
with a suitable telephone link which, in the former case, can be operated by staff wearing thermal gloves.
It is recommended that this communication link to a central office or exchange be used to record when staff
enter or leave a coldroom facility. A log book of coldroom work should be kept and used daily.

65. Lighting must be available at all times, with light switches located within the coldroom area. Both
normal and emergency - mains and low voltage {(battery) - circuits are recommended. A single low wattage
safety light (battery powered) can be kept on permanently in each coldroom and positioned above the .
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entrante, 'ihé i-_l),e‘dQne with fire resistant cable. Emergency lighting must also be provided in the

machmery oorn “(pa QI, 42) to allow emergency repair work to be undertaken. All lighting fiitings and

ElECtl‘lCﬂl motors otential fire hazards and must be designed for low temperature service and, ideally,

. ; €, -'fu,ses.' Either tungsten filament or fluorescent lamp fittings (designed for low
temperature op_e,:fr tion) can be used to give an illuminated level of 100 lux at floor level. The respective
electrical loading would be aproximately &5 W/m? or 18 W/m? of total floor area. An exterior red warning
lamp, "wired in paral[el with the coldroom lighting circuit, should be fitted to indicate when the coldroom is
occupied, Hand la ps, portable power tools and frost protection equipment must be low voitage (50 V) and

all metalwork eorr ‘,gt\ly; earthed.

66. Attention to n)ethds of escape from coldrooms is more important than in most other types of building,’
because of theif Q?j’_‘._sf,rqction and low temperature. In large stores emergency doors should be installed 10
give the widest ﬁeld of escape via at least two routes, The machinery room should have an alternative exit
point through a f:re res1stant external door, Emergency exits should, whenever possible, lead directly to the
outside at. ground levegl External handles can be removed to improve security, with doors secured on the
inside for qu1c1< reiease. The main coldroom door should have a:safety latch designed to prevent staff from
being locked in, Heated door seals should be used for temperature zenes below 0°C to prevent icing. It is
recommended that coldroom and drying room access doors contain a glazed inspection window (50 cm x

50 cm) to give ~an unobstructed interior view,  (Coldroom [-20°C] windows must be triple glazed.)

67. The selectlon and use of 'first stage' fire fighting equipment should be made in consultation with local

fire bngades and ff 1nstructed accordingly. In particular it should be noted that in a fire synthetic

foams - wrchm_ he ) droom walls, ceiling and floor - will emit both toxic vapour and toxic fumes and thus

such a flre shoul

oulc ¢ tackled by trained personnel wearing breathing apparatus. Water reservoirs may be

.Fire extinguishers are essential but must be selected cautiously. Danger exists with

water (elec't Qcution,

-and carbon dioxide (asphyxiation), whereas certain chemicals are poisonous. Dry
chemlcal PQ der 'e "b"Shers are to be recommended and must be positioned near access and emergency
doors. F:re-proof nkets and buckets of dry sand can be used to smother small fires, while automatic
water sp_nnk}e_r ms outs:de the coldroom can protect the coldroom exterior. A major gene bank should

have one set of br .h;,gg apparatus, with a self-contained compressed air supply, and arrangements must be

made for . Rert “training qnd fire drills.

68. Sufficient
‘point.  AJl water
Additional '_ﬁr‘e

gene bank us

69. If possxble it rmght be worth considering the possibility of giving accessions a priority rating in case
rapid removal from a coldroom is necessary, in which case thought should be given to the.position of priority
accesswns w1th1n tne store and type of storage container used for them. Alternative, temporary low
temperature sztor_age_ar;‘angements, typically in other {possibly commercial) cold stores, should be considered

and kept under review.
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Selection of s.i'te

70.

In the majority of cases gene banks have been, and will continue to be, sited within, or adjacent to,

existing research institutes. Nevertheless, there are a number of important factors which must be considered

when selecting a site for a long-term storage facility. Most of these are obvious, but it is prudent to state
some of the major factors: ‘

(1
(i)
(iii)
(iv)
(v}

Socially stable area within reach of security personnel;

Reliability of mains electricity supply and voltage stability;

Suitability of substratum for foundations, adequate drainage,
Situation away from dangerous chemical or fuel storage areas;” and

Easy access to the area where seeds of active collections are

and absence of flooding;

threshed, dried and cleaned.
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1.
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COMPOSITION OF 1976 WORKING PARTY AND 193]

ad hoc SEED STORAGE COMMITTEE

Participants in the working group on the engineering, design and constructional aspects of economical
seed storage facilities.

Professor E.H. Roberts (Discussion Leader)
Department of Agriculture and Horticuiture,
University of Reading, Earley Gate,
Reading, RGé6 2AT,

UK

Dr. T.T. Chang
IRRI, P.O. Box 933,
Manila,
Philippines

Mr. A.S. Cromarty
Department of Agriculture and Horticulture,
University of Reading, Earley Gate,
Reading, RGé 2AT,
UK

(Current address:

Lodge Hill, St. Johns Reoad, Mertimer, Reading RG7 1TR, UK)

Professor H. HMondelmann
Director, Gene Bank, Institut Pflanzenbau FAL,
Bundesalle 50, 33 Braunschweig-Volkenrode,
Federal Republic of Germany

Mr. D.B. MacKay
Official Seed Testing Station,
National Institute of Agricultural Botany,
Huntingdon Road,
Cambridge, CB3 OLE,
UK

Mr. J.T. Sykes (Secretary)
Crop Ecology and Genetic Resources Unit,
Plant Production and Protection Division,
FAQ ,
Via delle Terme di Caracalla,
00100 Rome, Italy

(Current address:

Natural Resources Division,

Canadian International Development Agency (CIDA),
200 Promenade du Portage,

Hull, Quebec,

Canada, KI1A DG4.)

.
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Members of the IBPGR ad hoc advisory comnittee on seed storage.

Professor E.H. Roberts (Chairman)
Department of Agriculture and Horticulture,
University of Reading, Earley Gate,
Reading, RGé6 2AT, UK

Professor J.D. Bewley
Biology Department, University of Calgary,
2500 University Drive, N.W., Caigary,
Alberta, Canada, T2N N4 )

Professor H.F. Chin
Department of Agronomy and Horticulture,
Universiti Pertanian Malaysia,
Serdang, Selangor,
Malaysia

Dr. A.G, Gordon
EFG (Nurseries Ltd.), Seed Unit, Convery Lane,
Bronington, Nr. Whitchurch,
Shropshire, UK

Dr. Erlinda Pili-Sevilla
Chief, Seed Quality Control Services,
Bureau of Plant Industry, Ministry of Agriculture,
Manila,
Philippines

Mr. R.D. Smith
Royal Botanic Gardens Kew,
Wakehurst Place, Ardingly,
Sussex, RHI7 6TN,
UK

Dr. P. Stanwood
National Seed Storage Laboratory,
ARS/USDA,
Fort Collins,
Colorado 80521,
USA

Dr. 1.T. Williams (Secretary)
Executive Secretary, -
International Board for Plant Genetic Resources,
Plant Production and Protection Division,

FAOQ,
Via delle Terme di Caracalla,
00100 Rome,

Italy
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APPENDIX 2, SEED WEIGHT, VOLUME, IBPGR PRIORITY AND STORAGE CHARACTERISTICS

Seed weights and volumes

Where available, information is provided on seed weights and volumes, It is intended that these values
should be used as an approximate puide to determine the volume of storage space required for accessions of
the orthodox species. Note that in some cases the variation within a species is quite large. This partly
reflects the influence of both genotype and provenance on seed size. If the volume {cm?) occupied by 1,000
seeds{SV) is unknown it can be estimated from the 1,000 seed weight (W1000’ g) if this is known, using the

following expression (provided the seeds have no appendages):

S, =@ X W 000

where g is a constant with a value between 1.2-1.5. Thus the number of seeds per litre is approximately

= 760’000/‘”1,000

It is important to note that the weight of, and less obviously, the volume occupied by 1,000 seeds will vary
with the seed moisture content. The solid volume of most seeds is reduced proportionally to the . weight loss
that occurs during drying. For example, a 50 cc container filled with maize seeds gave seed counts of 70,

75, 87 and 103 at 31, 26, 15 and 9% moisture content (wb) respectively.

IBPGR Priority

The IBPGR has assigned priorities to crop species as a guide to those which require immediate ac'cion.|
The priorities only partly reflect the present or future importance of a particular crop. They are substan-
tially influenced by the amount and quality of existing genetic resources work on it, and the current risk that
important genetic resources may soon be lost. This does not, however, exclude collection of wild species and

related taxa of no immediate economic importance, where they seem likely to be important for crop

improvement.

Four degrees of priority have been used: first priority (1); second priority (2); third priority (3); and
lesser priority (#). In addition a further priority (S) has been designated to those crops or groups of crops

which the Board wishes to study further before assigning a priority.

Seed storage characteristieca

The majority of crop specles show orthodex seed storage characteriatics (see Gloasary).
These species have been designated by the letter O in the Table. Some crops are belleved to show
recalcitrant seed storage behaviour {see Glossary) and are designated by the letter R, although
often information 1s lacking and thus future revision may be required in some cazes. The asymbols
07 and R7? denote probably orthodox and probably recalcitrant, respectively, while ? denotes
considerable doubt. Recent work at Reading suggests that seeds of, certain species, possibly some
of those designated 07 in the Table, show some but not necessarily all of the characteristics of
orthodox seeds; 1.e. they can be partially dried and cooled with benefit, but low molsture
contents, say less than about 10%, and sub-zero temperatures often appear to be deleterious. As
a consegquence, while medivm~term &torage is feaslble under particular storage conditions, the
IBPGR ‘preferred conditions’ for long-term storage of orthodox seeds may not be suitable, or at
least not sultable for all acceasions of some of these species. The two most important crops
thought to belong to this category are ceoffee (Coffea spp.) and oill palm {(Elaels guineesnsis),
both of which were formerly described as recalcitrant - see King and Roberts (1979) - cited at
the foot of page 1.

For more information on this toplc see:
R.H. Ellis, T.D. Hong and E.H. Roberts, 1990

An intermediate category of seed storage behaviour. I. Coffee.
Journal of Experimental Botany, 4L, 1167-1174

]IBPGR, 1981. Revised priorities among crops and regions 17 pp, International Board for Plant

Genetic Resources, Rome.
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APPENDIX 3. PSYCHROMETRY AND SEED DRYING

Introduction

This appendix is provided as a source of information for engineers designing seed drying facilities within
gene banks and as an introduction to the quantifiable relationships between environment and seed drying
rates. The general relationships described here provide a useful framework for design calculations and are
approximately true for most species. However, since there are some apparent anomalies and conflicting data
in the literature, seed bank managers should determine and monitor the performance of their drying

equipment on the species they handle,

1. Psychrometry - the study of the properties and behaviour of air and water vapour mixtures

The composition of air is generally accepted as being 78% nitrogen, 21% oxygen, 0.9% argon and 0.03%
carbon dioxide, However air also contains varying amounts of water vapour, The drying process is dependent
on the amecunt of water vapour held in the air and the temperature of an air/water vapour mixture. Since
seeds are dried in airfwater vapour mixtures, a basic understanding of psychrometry is useful to those
designing andfor operating seed drying equipment. Indeed it is particularly important when seeds are to be

dried to very low moisture contents.

There is a limit to the maximum amount of moisture that dry air can absorb. at a given temperature.
The higher the temperature the greater is the maximum amount of moisture that can be held within a given
volume of air. Broadly speaking, the maximum amount of moisture held doubles for" each 10°C temperature
rise. However, the weight of water vapour that can be absorbed by dry air is small; for example at
0°C and 30°C it is less than 0.004 kg and 0.028 kg moisturefkg of dry air (i.e. 0.4% and 2.8% respectively).
Moreover, air is usually only partially saturated; that is the amounts of water vapour held are less than
these values, Psychrometric charts {Figure 3.1) have been constructed to show the properties of air and
water vapour mixtures. They enable simple air ‘conditioning problems to be solved graphically and are

therefore suitable for calculating suitable coldroom and drying equipment designs.

The axes of the psychrometric chart (Figure 3.1A) are defined as follows (clockwise order starting from

the top).

PERCENTAGE SATURATION

The ratio of the actual moisture content of the air (kg/kg) to the maximum (saturated) moisture content
of air (kglkg) at the same temperature. This is the relative humidity. The ratio can also be expressed in
terms of water vapour pressures, i.e. the ratio of the actual watef vapour pressure to the saturated water

vapour pressure at the same temperature.

MOISTURE CONTENT (AIR)
The weight of water vapour per unit weight of dry air (kg/kg). If it is required air moisture content

(W) can be converted to vapour pi*essure using either the following.expressions,
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t

vapour pressure (mb) = 1013.2 x W / (0.662 + W) 3.0
or more approximately " " 1590 x W (3.2)

or the vapour pressure nomogram (Figure 3.1B).

DRY-BULB TEMPERATURE
The temperature of the air measured with an ordinary thermometer. (The thermometer should be
screened to prevent radiant heat sources from aifecting the reading).

WET-BULB TEMPERATURE

The temperature measured with a thermometer whose bulb is covered by a wetted wick exposed to a
moving current of air (ideally 3 mfsecond). Note that the chart will be inaccurate if "still air" wet-bulb
measurements are used, The difference between the temperature readings of the dry- and wet-bulb
thermometers is called the wet-bulb depression. The greater the depression for a given dry-bulb temperature,

the drier the air.

SPECIFIC ENTHALPY

This is a thermodynamic quantity. It is the combined total of sensible and latent heat fractions of the
air mixture relative to an arbitrary datum temperature (0°C) and is frequently called Total Heat or Heat
Content. Sensible heat is that which changes the temperature of the airfwater vapour mixture but not its
state, Latent heat is that w_h?ch changes the state of the air mixture but not the temperature.

SPECIFIC VOLUME
The volume of air per unit weight of dry air (m?/kg), that is the reciprocal of the density of dry air.

DEW-FPOINT TEMPERATURE

The temperature to which air must be cooled to condense moisture contained in the air. It Is not shown
in the psychrometric charts (Figure 3.1) but it can be calculated easily using the chart. An example deter-
mination of the dew-point temperature is provided here, first to assist those learning to use the chart, and
second to emphasize an important precaution in seed bank management,

Suppose that the (air-dry) temperature of a laboratory is 25°C and a wet-bulb thermometer reads 18°C.
These points of these two axes of the psychrometric chart (Figure 3.1A) cross where the moisture content of
the air is 0.01 kgfkg. MNow this moisture content line can be continued until it reaches the 100% saturation
curve. At this point the wet-bulb temperature is 14°C. Thus 14°C is the dew-point temperature since at
this temperature the air would be fully saturated. Note that the point of intersection of the dry-bulb and
wet-bulb temperatures (25° and 18°C respectively) is on the 509% relative humidity curve., That is the

Fig. 3.1 Psychrometric charts and vapour pressure nomogram,

A. Psychrometric chart, -10° to 60°C. This chart is reproduced with the permission of the Char-
tered Institution of Building Services from whom pads of charts sized A3 for permanent records may be
obtained.
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relative humidity of the laboratory is 50%. If the dew-point temperature of the laboratory atmosphere is
14°C then moisture from the atmosphere will condense on the surface of any article with a temperature of
14°C or below which is placed in the laboratory. Thus, for example, moisture will condense on the surface
of containers from either a medium-term store (0°C) or a long-term store (-20°C). Moreover if the
containers are opened moisture will condense on the containers’ contents thereby increasing their moisture
content. Thus two precautions are necessary in seed banks. First waterproof labelling should be used on
containers, Secondly containers should not be opened until the temperature of the seed within the container
has risen above the dew-point temperature of the atmosphere, This is considerably longer than the time
required for the temperature of the surface of the container to rise to ambient temperature, since bulks of
seed are self-insulating and heat or cool slowly. The following empirical expression is provided to estimate

the nominal safe reheating period, H (hours), for seed within cylindrical containers with radius r (mm):-
H=r1)50 (3.3)

For example, a full 0.2 | can of 103 mm diameter will take at least 9 hours to reheat from -20° to 20°C,

Before the psychrometric chart can be used to design seed drying conditions it is necessary to understand
the relationship between seed moisture content and alr moisture content. Given sufficient time in a closed
system the moisture contents of seeds and the atmosphere with which they are in contact reach an

equilibrium,

2. Equilibrium relationships between seed moisture content and relative humidity

The relationship between seed moisture content and the relative humidity of the atmosphere when
equilibrium has been reached is positive, but not linear (Figure 3.2). Moreover two curves are necessary to
define the relationship at a given temperature because of a hysteresis effect; at a given relative humidity
the moisture content of seeds on desorption (i.e. being dried) is greater {often by 1-2 percent) than that
of seeds on absorption (i.e. being humidified) (Figure 3.2). However, since we are interested only in seed
drying we can ignore the absorption curve and consider desorption curves only. Temperature has a small
effect on the moisture content at any given relative humidity: the lower the temperature the greater the
moisture content of the seeds {Figure 3.3). In general, the increase in equilibrium moisture content at a
given relative humidity which results from a given reduction in temperature becomes less at lower tempera-
tures {Figure 3.3). Although there are definable equilibrium relationships between relative humidity and seed
moisture content of a given species, it is important to note that the composition of the seed (which can be
affected by both genotype and the growing environment) has a slight effect on the equilibria. For exampie,
flint maize can have a higher equilibrium moisture content at a given temperature and relative humidity than
dent maize. It should also be noted that the equilibrium hygroscopic relationships can differ within a seed

(i.e. between the embryo and endosperm) but this is unimportant practically.

Fig. 3.] Psychrometric charts and vapour pressure nomogram (continued).

B. Low temperature, -40° to 0°C, skeleton psychrometric chart and vapour pressure nomogram (A.S.
Cromarty, unpublished). To use the vapour pressure nomogram join points on the vapour pressure scale
{left), the vapour pressure ratio (or relative humidity expressed as a decimal) scale (centre}, and
the dry-bulb temperature scale {(right) with a straight line. In the example given a fully saturated
atmosphere (i.e. Vp = 1) at 0°C has a vapour pressure of 6 mb.
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Fig. 3.2 Hysteresis in moisture sorption in wheat.

Desorption and absorption isotherms at 35°C. (From 12
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25%, 30° and 35°C. {Source: as for Figure 3.2).
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Difierences between the equilibrium hygroscopic relationships for seed of different species, however, can
be substantial (Figure 3.4). As a result exposure to a given reiative humidity until equilibrium Is reached
will not result in the seed of all species having the same moisture content. Nevertheless, the same environ-
ment can be used if those species which have a low equilibrium moisture content are removed from the
drying environment before that equilibrium is reached: that is, drying of very many different species to the
same moisture content can be achieved in a single environment by altering the drying treatment period,
provided that the relative humidity is sufficiently low for the species with the highest equilibrium seed

moisture content,

Most of the differences between the species hygroscopic equilibria demonstrated in Figure 3.4 are related
to seed oil content. The greater the oil content, the lower the seed equilibrium moisture content. But
relative humidity and temperature also affect equilibrium moisture contents. When there are no reliable
experimental data available for a particular species it is suggested that the following expression (A.S.
Cromarty, unpublished) be used for .'seed drying applications within the temperature and humidity ranges of
0°-40°C and 10-70% th for starchy seeds (e.g. cereals), but only 15°-25°C and 10-70% rh for oilseeds,
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3.4. The relative bhumidity equilibrium relationship of seed of various species which shows

% WET WT,

MOISTURE CONTENT

the difference between oily and non-oily seeds. Each curve was prepared from the
results of several workers by S.W. Pixton (Moisture content — irs significance and
measurement in stored products. Journal of Stored Products Research, 1967, 3,
35-47) and is reproduced with permission. These curves are shown to illustrate the
difference between species. This information - and that in Figures 3.2 and 3.3 -
however, cannot be used as calibration curves for each species since the form of the
curve within a species is dependent upon seed composition, the number of times the
seed have been wetted and dried, and the experimental procedure used to determine
these equilibria.
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~[{Me x (1.1 + T/90)/(1 - )} 2/4s0]

(1 -R)= e (3.4)
where V
R = relative humidity {expressed as a decimal, not %)
Me = equilibrium percentage moisture content (db}
T = temperature of the air, and also the seed at equilibrium, °C
D, = oil content of the seed, db {expressed as a decimal)

fe = constant 2.71828]

In this expression the equilibrium moisture content is expressed as db (dry basis). [f, as is likely, the
preferred moisture content is expressed as wb {wet basis) then this should first be converted to the :equivalent.

db value using either the equation (5.3) or the scale (Flgure 5.1) provided in Appendix 5.

The following list of species is provided as a guide to typical seed oil content values, expressed as a

percentage of the total dry weight of the Seec!]‘.t

Parkia biglobosa . (locust bean) 1.3
Pisum sativum {garden pea} 1.5
Vicia faba (field bean) 1.5
Phaseolus lunatus {butter bean} " 1.5
Hordeum vulgare (barley) 1.7
Secale cereale {rye) 1.7
Oryza sativa (rice) 1.8
Triticum aestivum (wheat} 1.9
Lens culinaris (lentil) 1.9
Quercus robur {oak) 2.4
Fagopyrum esculentum {buckwheat) 2.6
Sorghum vulgare (sorghum) 3.3
Pennisetum glaucum {pear! miilet) 3.9
Zea mays {maize) b
Avena sativa {oats) 4.8
Glycine max {soyabean) 18.0
Gossypium hirsutum (cotteon) 21.5
Allium cepa (onion) 24.0
Fagus sylvatica (beech) 27.5
Helianthus annuus (sunflower) 32.5
tinum usitatissimum (linseed) 36.6
Arachis hypogaea {groundnut) 449
Brassica napus © (rape) 45.2
Sesamum Indicum {sesame) 47.5

As an example in the use of the above equation we shall determine the relative humidity necessary for
maize seed (4.4% oil content) to equilibrate at 5% moisture content (wb) at 15°C. Now 5% (wb)
equivalent to 5.3% (db) {eqn. 5.3).

! por a more detailed examination of the influence of relative humidity and temperature on the moisture
content of biological materials see:
P.0. Nepoddy and F.W. Bukker-Arkema, 1970. A generalized theory of sorption phenomena in biolegi-
cal materials. Transactions of the ASAE 13, 612-617.
and C.$. Chen and J.T. Clayton, 1971. The effect of temperature on sorption isotherms of biological
materials. Transactions of the ASAE 14, 927-929.
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Thus,
- _ 2
(1-R) - e [{5.3 x (1.1 + 15/90)/(1 - 0.044)}2/440]
-0.1121
- e
Therefore {1 - R} = 090
and R = Q.10 or 10% relative humidity

Alternatively at 30°C the equation becomes
o -[05.3 x (1.1 4+ 30/90)/(1 - 0.044)3 */440]

{(1-R) =
_ g "0-1435
Therefore (t - R} = 0.87
and R = 0.3 or 13% relative humidity

Eqn. {3.4) can be rewritten to estimate equilibrium moisture contents (db) at a given temperature and

relative humidity as follows:

Me = [( - DD)‘./{- w0 x In (1 - RYY1 /(1.1 + (T/90)} (3.5)

3. Drying rates

Once it is known that a given environment will provide the required equilibrium moisture content the
only question remaining unanswered is how long will it take to dry the seeds to this value? The drying rate
is controlled by internal moisture diffusion and the ability of the air close to the seed to absorb the released
water vapour. Increase in temperature will increase the rate of moisture diffusion from the centre of the
seed to the seed surface and the difference in vapour pressures between the seed surface and the atmosphere,
thereby shortening the time to equilibrium, whereas increase in seed size increases the distance through which
moisture must diffuse before it reaches the seed surface, thereby increasing the time to equilibrium. Initial
seed moisture content affects this period, but since seeds are being dried to low moisture contents and the
rate of moisture loss declines dramatically the closer actual seed moisture content approaches the equilibrium

value, the effect of initial seed moisture content is small.

The following general expression {A.S. Cromarty, unpublished), which relates to test work on seed mois-
ture equilibrium relationships, is provided as a guide to the major effects of temperature and seed size on the

time taken to reach equilibrium moisture contents in still air:

2
Pe = 3650/( Gs)/’ X Ps _ (3.6)
where Pe = number of days to equilibrium
GS = number of seeds per gramme
Ps = saturated vapour pressure {mb) at the drying temperature

{use Figure 3.1A and B or Figure 3.1A and egn. (3.1)}
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Table 3.1. Estimated time in days for seed to dry to equilibrium in still air at various
temperatures [from eqn. (3.6)]. These figures can also be calculated from

the seed drying nomogram (Figure 3.5).

Temperature Cabbage Maize Onion Sorghum
°C (cs' - 315 (6S = u) (GS = 341) (6s = 50)
0 13 240 12 44
5 - 9 170 9 31
10 7 120 6 22
15 5 36 4.5 16
20 5 ) 62 3 11
25 2.5 45 2.5
30 2 33 1.5
35 1.5 26 1.5

1‘G_‘S = no. of seeds per gramme

To emphasise the influence of seed size and temperature, estimates of Pe derived from this expression
are provided in Table 3.1. These calculations assume that seeds are in shallow layers (just a few seeds thick)
over perforated bases, but with no ventilation. They do not apply to situations where seed bulks remain
packed within bags. It is clear from Table 3.1 that a drying temperature of about 15°C provides suitable
practical drying periods for the small seeded species and to a lesser extent for sorghum, whereas for maize
the periods are substantial. Note that through ventilation would significantly reduce these periods {(see
Figure 3.5).

The figure of 26 days for maize seed to dry to equitibrium at 35°C (Table 3.1) may seem barely credible
to those concerned with commercial seed drying,‘ because maize seed is regularly dried at 35°-40°C in
considerably less time, Why the apparent discrepancy? First, commercial seed driers are ventilated, and
secondly, the seeds are only dried part way to equilibrium. The change in seed moisture content during
drying slows down exponentially as the equilibrium is approached and can be plotted linearly on log/lineaf
graph paper if this change is expressed in terms of the moisture content ratio (MCR). The moisture content
ratio Is the ratio of the difference between the moisture content (M) after M hours drying and the equilibrium
moisture content (Me) to the difference between the original moisture content before drying {Mo} and the

equilibriumn moisture content:
that is MCR = (M ~ Me)/(Mo - Me) . (3.7)

where seed moisture content is expressed on the dry basis. For drying seed in a seed bank the value of the
moisture content ratio will be low because the value of M will generally be close to the equilibrium

moisture content.

No single expression can be universally applied to describe thin layer drying characteristics, Neverthe-
less the following general dryin-g equation for agricultural seeds (A.S. Cromarty, unpublished) serves to

illustrate important features of the underlying process:
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2
A e-(HPG) + B e—(HPGn )

MCR = (3.8)
where H = drying time, hours
P = Ps/2667(1 - D)1 - [0.115 x V])
4,
6 = (635)°
Ps = saturated vapour pressure (mb) based on seed temperature
D0 = oil content (db), decimal

V = air velocity, m*/second per m? of bed {m/s) {range 0.05-2.5 m/s)

and A and 8 are constants with the values 0.6 and 0.4 respectively (corrected for use with Mel
The second term of equation (3.8) can be disregarded when the MCR is less than 0.35, and this allows
the remainder of the expression to be rearranged to calculate the drying time (hours) to low moisture

contents:
H = [In{MCR/A)]1/ - PG (3.9

The equations (3.8, 3.9) have some limitations since they assume that all seeds are spheres whereas they
are often cylindrical or disc-shaped and, further, the number of seeds per gramme (GS5) changes during
drying and therefore only an average value can be used. Nevertheless the equations are of fairly general
application and can be used for most crop species. An example calculation is shown here for maize seed
(which is relatively slow drying) to estimate the time taken to dry from 15% to 6% moisture content (wb) in
thin layers at 30°C with 10% rh and an air flow velocity of 2.5 m/s.

Now P 43.6/2667 (1 - 0.044)1 - [0.115 x 2.5])) = 0.024

(21 - 2.52

)
1]

We can use equation 3.5 to determine the equilibrium moisture content (Mg) at 30°C with 10% relative
humidity. '

Me

(1 - 0.08%) /{440 x In (1 - 0.1)} ]/{ 1.1 + (30/90) }

Therefore Me 4.549% (db)(=4.34% wb)

15% and 6% (wb) are equal to 17.65% and 6.38% (db) respectively, and consequently the moisture content
ratio
(6.38 - 4.,54)/(17.65 - 4.54) = 0.140

Substituting in equation 3.9 gives

H [In (0.140/0.6)]1 / (-0.02% x 2.52)

n

24.1 hours

Thus in a drier where maize seed are in a shallow layer and ventilated with air at 30°C and 10% relative
humidity at an air flow rate of 2,5 mfs it will take about a day to dry from 15% to 6% {wb), whereas in
still air at the same conditions it would take about a month (Table 3.1} to dry the seed to 4.3% {(wb), the
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equilibrium moisture content {eguation 3.4). These calculations are manually tedious, but can be readily
solved by computer. The nomograms (Figure 3.5) are sufficiently accurate for gene bank designh purposes and
provide a rapid method for solving these problems graphically. However, the equations underesti.mate'"'t'ﬁé
drying time required if equilibrium relative humidity levels are lowered below 35%, because the remaining

free moisture is held tenaciously.

4. Limiting damage to seed during drying

The purpose of drying seed is to limit the subsequent rate of seed deterioration during long-term
storage. However the drying process itself can also be considered as a storage treatment during whic'h_ se{gd'
ageing can occur at a rate dependent on’time, temperature and meisture, Now the equation which describes
this relationship {(Appendix }4) is only appropriate for constant envirocnments, whereas when seed al.'é:l dried
their moisture content and, less obviously, temperature change. Nevertheless, the viabﬂity equatif-m (-:e_m_:.be
applied if the drying period is treated as a succession of very short discrete periods at very many different,
but constant, storage environments. Commercial recommendations for air temperatures, air flow rates and
drying periods have been determined empirically in temperate countries to minimise damage during -drying.
Now these recommendations vary between species and depend upon initial seed moisture content1, but more
impertantly they are unsuitable for poor quality seed lots and heterogenecous seed lots and where final
moisture contents are as low as 5%. Further, in tropical environments hot air driers are unable to dry seed
sufficiently because the moisture content of ambient air is too high. Thus these recommendations cannot be
applied in gene banks. However, it is important that gene bank drying procedures are also designed -to

minimise seed deterioration.

This we have attempted to do using the equations provided in this appendix to determine change in seed
moisture content over time (3.8, 3.9), and the seed viability equation (4,1) (Appendix 4), The criterion for
minimising damage during drying is to limit the change in probit percentage viability caused by any drying
regime (see Appendix #). This can be done using a digital computer and iterative programming te,chniques‘ S0
that the fall in probit percentage viability is progreﬁsively recalculated as seed temperature and seed moisture

content change. A close approximation of the computer simulation has been devised for gene bank use,

1 For example, see those tabulated by E.H. Roberts and D.L. Roberts (‘Moisture content of seeds. In
Viability of Seeds (ed. E.H. Roberts) 424-437, Chapman and Hall, London, 1972).

Figure 3.5. Seed drying nomograms

A. This nomogram (A.S5. Cromarty, unpublished) provides a solution to the general thin layer dry-
ing equation (3.8) by graphical anamophosis. The example provided is that given numerically in the
text, It is for maize seed dried at 30°C and ventilated at 2.5 m/s. The nomogram helps to illustrate
the relative importance of drying temperature, oil content, seed weight, and air velocity on drying
rate - as expressed by the moisture content ratioc (MCR) after a given time. The displaced line below
MCR 0.01 (EQUI. ESTIMATE MAX.) can be used to estimate the maximum time taken for seed moisture con-—
tent to approach the equilibrium value under still air conditionms, eqn. (3.6). In this case the - ;
appropriate value of the air velocity is 0 m/s - the uppermost line. This diagram is useful for
general design work as a preliminary to more detailed caleculation.
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where an ‘effective moisture content' is determined which corrects for the change in seed moisture content
that occurs during the drying period. This value and the time taken to dry the seed are then inserted into
the seed viability equation (Appendix &),

The calculation sequence to estimate the loss in probit percentage viability that occurs during drying is

as follows:

. Define the drying temperature, air relative humidity, the initial and final seed moisture contents, the

1,000 seed weight and seed oil content.
2. Calculate the equilibrium moisture content (db) wusing eqn. (3.5 or Figures 3.3B.

3. Convert initial and final moisture contents to db and calculate the moisture content ratio (MCR)

using eqn. (3.7) or Figure 3.3B.

4. Calculate the ‘effective moisture content' (m) using the following expression {A.S. Cromarty,
unpublished);

m = [{0.48 + (0.08 x MCR)} {Mo - Me} ] + Me (3.10)

where Me and Mo are the equilibrium and original seed moisture contents (db} respectively.

5. Convert the value for the effective seed moisture content during drying from db to wb using
eqn. (5.4) (Appendix 5).

6. Calculate the time necessary to dry the seed to obtain the calculated MCR using egn. (3.8) or
Figure 3.5A. Convert the drying time from hours to the equivalent value in days.

7. Substitute the drying temperature for t, the value of the drying time in days (calculated in 6) for
p, and the 'effective moisture content' (wb) (calculated in % and 5) for m in the viability equation
(#.2) (Appendix 4) to estimate the probit loss in viability occurring during drying. Alternatively, for
a given seed lot where the value of the seed lot constant (Ki) is known, equation (&.1) can be used

to determine probit percentage viability after drying.

Seeds are cooled when moisture is lost as a result of the latent heat of evaporation. Consequently seed
temperatures are lower than temperatures during the early stages of drying. Thus the use of the drying
temperature in eqn, (4.2) provides a small safety margin in these calculations. For seed lots of 50% viability

Figure 3.5. Seed drying nomograms (continued)

B. These nomograms are provided to allow the equilibrium moisture content (Me), eqn. (3.5), and
the moisture content ratio (MCR), eqn. (3.7), to be estimated, where Mo and M are the original and

final seed moisture contents respectively. The example provided is that givem in the text for maize
seed where the required moisture content after drying is 6% (wb).
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the safety margin is between 2°-7°C, but the safety margin is smaller for seed lots of higher viability - as
will generally be the case in gene banks, It is therefore recommended that this approach be utilized for

general drying and drying room design work for gene banks.

The results of analyses using these procedures with data for onion and soyabean {two species in which
less in viability is comparatively rapid) suggests that a theoretical optimum drying temperature exists and
apparently covers a narrow band close to 10°C, although at temperatures between 0° and 20°C the loss is not
appreciably greater. However, as has been shown, the more starchy and larger-seeded cereal species take
much longer to dry at these temperatures. Consequently optimum temperatures are generally higher but this
depends very greatly on the initial moisture content; the higher the initial moisture content the lower the
optimum drying temperature. The problem is that these values span a very wide temperature range from
those temperatures optimal for onion {above), to the maximum air temperatures recommended for -¢ommercial
seed drying (c. 60°C). To .overcome this problem a two-stage drying procedure is recommended for large-

seeded species (para. 18).

There are certain conditions in which the viability equations are no longer valid and these must be noted
at this point before recommendations regarding drying regimes can be made since they concern seed
maintained at moisture contents in excess of 20% to 25% (wb). Contrary to the viability equation, seed at
moisture contents close to fully imbibed can maintain viability for considerable periods provided oxygen is
present, germination is prevented, fungal detericration can be avoided, and the temperature is not excessively
high, It is only in the transition from the fully hydrated maturing seed to the air-dry seed that the very
rapid rates of deterioration occur. In the majority of crop species this phase of drying occurs naturally on
the plant prior to harvest. However in those species where this does not occur before harvest {e.g. tree
fruits} it is preferable to maintain seed at moisture contents close to fully imbibed and aerate during drying
bottlenecks {rather than allow the seed to dry very slowly, as would occur in a very humid environment), and
then to dry the seed rapidly when the drying capacity is available.

It should also be noted that very moist seed should not be exposed to extremes of temperature. First,
at temperatures below 0°C freezing damage will occur. Secondly, at high temperatures secondary cformancy
can be induced. For example in apple and pear seed this occurs if moist seed are stored (or dried) at

temperatures above [7°C, and this phenomenon has been reported in moist seed of many other species.

Further moist seed is liable to be attacked by insects, mites and fungi. Damage from insects and mites
can largely be avoided by cooling seed to below 17°C. However to prevent fungal deterioration a lower
seed temperature (5°C) is necessary unless the seed are in equilibrium with an atmosphere of less than 70%
relative humidity, Thus to prevent insect, mite and fungal damage a pre-drying holding environment of

< 17°C with < 70% relative humidity is necessary.

Structural damage to the seed as a result of drying can alse be a problem. Superficial cracking of the
seed coat is common in many species and frequently occurs in the field before drying. It may not always be
visible to the naked eye but can be detected with appropriate staining techniques and microscopic examination.
Seed cracking can result in damage-from excessively rapid imbibition during germination tests, in particular
for low moisture content seed, This problem occurs in a diverse range of species {(e.g. cotton, peas and

sorghum} but can be successfully avoided when germinating seed by first allowing seed moisture content to
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rise slowly without allowing the seed to be in contact with liquid water. This is done by placing the seed in
a humid atmosphere for some time before setting the seed to germinate (whether in the laboratory or the
field). Drying seed at the conditions recommended in this appendix will minimise the increase in the

incidence of seed coat cracking above that caused during drying on the plant.

In seed of many leguminous species a different phenomenon occurs during dryings namely the seed coat
becomes impermeable to the ingress of moisture, i.e. hardseededness. This makes it difficult to germinate
the seed since they fail to imbibe, but a variety of laboratory techniques are available to overcome this

problem.

In soyabean a further problem is caused by cleavage damage, where the seed coat splits creating a gap
between the cotyledons., If the seed are handled carefully and humidified before testing for germination then
damage to the resultant seedlings can be avoided, but the seeds are extremely brittle in this situation and the
problem is better avoided compietely. If soyabean seeds are dried at low temperatures, as will be recom-
mended here, cracking will only start to occur on any scale at about 9% moisture content {wb) if dried
rapidly. If a slightly higher relative humidity of 40% is employed then the seed will dry more slowly and
drying to about 8% (wb) without cleavage Is possible.  Consequently it is suggested that the preferred
conditions for storage might be relaxed for soyabean and that they be stored at -20°C with 8%-9% moisture
content {wb). The figures provided here relate to American soyabean varieties produced in the USA. It may

be necessary to modify this recommendation for accessions of different genotypes produced elsewhere.

5. Recommendations for seed drying conditions

From the foregoing it should be clear that an environment of 10°-15°C with 10%-15% relative humidity is
optimal for drying the small-seeded species. Accordingly it is recommended that a seed drying room be
provided in which such an environment is maintained, with adequate ventilation {10 air changes per hour) and
a suitable shelf layout where seed are exposed to this environment in thin layers. Seeds must not be left to
dry in deep layers or sacks unless ventilated at 0.0015 m?® per second per kg of seed (1.5 ¢fm per ib). A

suitable fan for this purpose must be capable of operating against a static pressure of 2 cm (wg)."

For many gene banks an additional temporary store may be necessary to enable peak seasonal inputs to
be held temporarily prior to drying. In view of the points outlined in the preceding section an environment
of 17°C with %0%-£5% relative humidity is recommended, particularly since this environment can be economi-
cally maintained using conventional air-conditioning equipment (refrigera.tion dehumidifiers, see next section)

with air flow rates of 0.2-0.4 m/s.

In addition this environment can function as the first stage in a two-stage drying procedure where this
is necessary for larger-seeded species, e.g. peas and maize. (Of course it could also function as such for the
small-seeded species.) Equilibrium moisture contents for such species with relatively low oil contents will be
about 10%-12% (wb). Moreover very wet seed will dry comparatively quickly; for example, even malize seed
would be expected to dry from 25% to 15% moisture content (wb) in approximately 36 hours (using the
equations provided in section 3).. For these species the second-stage environment could be as high as 30°C

with 10% relative humidity without causing a serious loss in viability, provided the air flow velocity is
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2.5 mfs or greater.

+

6. Dehumidification equipment

a} Sorption systems

Moisture can be extracted from the air by chemicals in two ways, by absorption or adsorption (see
Glossary, Appendix 12). Lithium chloride is an absorbant whereas silica gel is an adsorbant. In both cases
the materials are regenerated for re-use by heating, Continuous dehumidification is usually achieved by
passing the moist air through one half of a rotating drum containing the desiccant. Heated air is passed
through the other half to regenerate the desiccant, and exhausted to the outside air. An alternative
procedure js to switch between two separate machines, one dehumidifying while the other is regenerated

(i.e. a batch system).

It is recommended that a rotary absorption dehumidifier with secondary refrigeration equipment be used
to provide an environment of 15°C with 10% relative humidity to dry seed. A typical system, capable of
extracting 8 kg H20 per day at 15°-20°C, costs about US $3,600, but in a major gene bank facility this
would need to be duplicated. It is recommended that a rotary absorption dehumidifier be used without
refrigeration to provide an environment of 30°C with 10% relative humidity for the second stage in the two-
stage drying of large-seeded species. A typical unit currently costs about . US  $2,500.

A less expensive system might be required if a seed drying room is not yet available. A simple
approach is to use relatively large ‘amounts of desiccants in a closed container, and regenerate batches of the
desiccant as required.

Silica gel has a moisture adsorption capacity which increases linearly from zero by 0.0066 kg H20/kg dry
silica gel per 1% rh increment at 20°C up to 50% rh.

The weight of desiccant necessary can be determined in a manner similar to that described below for
barley.

Suppose 0.5 kg of barley is to be dried from 16% to 5% moisture content {wb). At 16% the dry weight
of seed is 0.420 kg and the weight of water 0.03 kg. At 5% the weight of water will be only 0.022 kg and
_thus the required loss of moisture is 0.058 kg. At 20°C the equilibrium_ relative humidity for barley seed at
5% is approximately 12% rh, Now the moisture holding capacity of silica gel at 12% rh is

= 12 x 0.0066 kglkg = 0.0792 kg/kg
Thus the weight of silica gel required is
= 0.058/0.0792 kg = 0.73 kg

Drying can either be achieved in a closed container without air movement (although this will require
considerable time with large seeds, see Figure 3.5) or in a closed system with air being forced through the
seed. In either case it should be noted that the uptake of water by the desiccant is associated with heat
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release, which results in a slight increase in temperature, but this is partly redressed by evaporatwe coohng
of the seed. The silica gel can be regenerated by heating at 175°C or 125°C for 6 or 16 hours respectively,

but must be allowed to cool (in a moisture-proof container) to ambient temperature before re-use.
b} Refrigerafion systems
It can be seen ifrom the psychrometric charts (Figure 3.1) that the maximum saturated air moisture

content js very low at low temperatures. Moreover, water vapour can be condensed out of the air by cooling

below the dewpoint temperature, This is how refrigeration dehumidifiers work. The cold saturated air is

then. reheated, using the latent heat removed by condensing air moisture, to provide a lower relative humidity.

The mode of operation can be understood most easily from the psychrometric chart (Figure 3.1A). Air at
17°C with 709% relative humidity has a moisture content of 0,0086 kg H20/kg air. The dewpoint temperature
for this moisture content is 14°C, Consequently, if the air is passed across an evaporator maintained at 5°C
moisture will condense out of the air. The saturated air moisture content at 5°C is 0.0054 kg/kg, and thus
the lmoisturé will be extracted atK the rate of 0.0032 kgl/kg. i this air is now reheated to 17°C the air
moi_stt;lre content will remain 'at 0.0054 kg/kg and thus the relative humidity of the reheated air will be
about 45% . '

Note that a higher moisture extraction rate would be achieved if the air input were at a relative humi-
dity above 70%. Quoted moisture extraction rates are often given for 95% rh, and these rates wiil not apply
to seed drying applications. Consequently refrigeration dehumidifiers operate very effectively where the air
moisture content is high, that is in warm, humid conditions. They are generally considered to be uneconomic
for air temperatures below 15°C or relative humidities less than about #0%-45%. They are relatively cheap
to install and have large capacity fans which give favourable air circulation. It is recommended that refri-
geration dehumidifiers be used to provide temporary storage prior to drying, where this is required, and to
provide first-stage drying of moist seed of large seeded species (para. 18). One useful facet of this
equipment is that the condensed water vapour can be collected to provide a direct measure of "drying
performance”. Refrigeration dehumidifiers, fitted with reheat coils (electric heaters or hot refrigerants), are
sometimes used for controlling the air relative humidity in working collection coldrooms operating between
-10° to 3°C, with or without open storage, but these are outside the framework of this report. Separate,
special low temperature refrigeration dehumidifiers can be used in gene bank coldrooms without reheat coils

providing the moisture ingress does not exceed recommended limits.

8. Monitoring seed moisture content during drying

It will be necessary to monitor seed moisture content during drying to determine when accessions can be
removed from the drying room to be first packaged and then stored, To do this by determining moisture
contents regularly using standard procedures (Appendix 6) would be to waste resources - both in terms of seed
and labour. Instead it is recommended that this be done by determining the initial moisture content and

weight, and then subsequently weighing the seed during drying.
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The - change in weight and moisture content by the addition or removal of moisture is given by

[(100 - Mo)/100] x Wo = [(100 - MF)/100] x WF (3.11)

where Wo and Wf and Mo and MF are initial and final weights and moisture contents {%, wb) respectively.

Thus the weight of an accession when dried is given by

WF = Wo x (100 - Mo)/(100 - MF) (3.12)

For example for 1 kg of seed at 16% mojsture content, the required weight of seed when dried to

5% moisture content

= 1 x (100 - 16)/(100 - 5) kg -= 0.884 kg

Thus the 1 kg sample is placed in the drying room and weighed regularly, but only removed ‘when the
weight has fallen to 0.884 kg. Of course this system for monitoring moisture content can only he used if
care is taken not to spill seed, otherwise the true seed moisture content will be underestimated. ;Once
sufficient experience has been obtained with the drying room it may be possible to dispense with the . regular
weighings and rely instead on standard timings in the drying room for seed of each species. This would

enable the maximum number of accessions to be put.  into store with the minimum of -effort.
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APPENDIX &. SEED DETERIORATION AND STORAGE ENVIRONMENT

Orthodox seeds in air-dry storage deteriorate. Eventually this deterioration results in loss of viability of
individual seeds - that is the seeds fail to germinate under optimum conditions. Within an accession indivi-
dual seeds die at different times. Consequently the viability of an accession is assessed as the proportion
(expressed as a percentage) of viable seeds. The proportion of live seeds within an accession is also an
indicator of the accumulation of deterioration within the seeds which remain alive. For example as
percentage viability declines the time taken by surviving seeds to germinate increases quite markedly], and
the surviving seceds are also more likely to fail to germinate in sub-optimal environmentsz. There is also,
however, a more subtle aspect to this deterioration within the surviving seed that must be noted for genetic
resources conservation; loss of viability is correlated with an accumulation of chromosome damage in

surviving seed3’4 and with hereditable damage in succeeding generationss.

Although seed deterioration in air-dry storage can thus be considered as a form of ageing it does not
only oceur as a function of time. The rate of deterioration is a positive function of both seed moisture
content and temperature. Thus deterioration occurs relatively slowly at low moisture and temperature, which
is why the preferred conditions for long-term storage (para. 6) are considerably cooler and drier than those of

normal commercial practice.

The decline in percentage viability observed in accessions of orthodox seeds under any constant storage
environment is sigmoidal. This can be described by a negative cumulative normal distribution which indicates
that the life-spans of individual seeds are distributed normally. Consequently these sigmoid survival curves
can be linearised by converting percentage viability values to their corresponding probit {or normal equivalent
deviate) values. (Figure 4.1 {scale h} provides a conversion scale that can be used for this purpose). It has
been shown that the survival curves of different accessions of a species in the same constant storage
environment have the same slope when transformed in this wayz’s. Thus this device simplifies the prediction
of loss in seed viability and is used in an equation which has been developed to- predict the relationship
between percentage viability { v, expressed as a probit), time in storage { p, days), seed moisture content
{ m, % wb), and temperature (£, °C). The equation7, '

3
KE-Cwlogm-CHt-Ct

v = K; - p/10 2 (5.1)

can be used for any accession of a species for which the constant values KE, Cw, CH and C,., have been
determined. The constant K, is a constant for the accession, and its value can be estimated by taking the

probit value of the resuit of an initial viability test.

Since the values of the four constants K_, C., CH and CQ are the same for all accessions of a species Y
the loss in probit viability (Ki -v),
K_-C, logm-Ct ~C.t?
where (KJ'. -v) = p/10 E W H 4 (4.2)

after a given period of storage is also the same for all accessions of a species if they are stored in the same
environment (see Figure 4.1). This is because the various constants and variables on the right hand side of
the above expression have the same values for all accessions. As a consequence it is possible to compare

directly different storage environments and to determine the loss in probit viability for all accessions in thos.
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environments. Moreover where seeds experience more than a single constant environment during storage, the
total loss in probit viability can be obtained simply by summing up the individual values for each period in
each separate environment. In this way it is also possible to compare the likely damage caused by different
drying environments, for example to consider whether a short period of exposure to a high temperature or a
longer period of exposure to a lower temperature results in the smaller loss in probit viability even though
they both dry seed to the required moisture content. This is considered further in Appendix 3,

At present, values of the four species constants have been determined for only five species (Table #4.1).
Seed viability nomographs, constructed from equation (4.1) and constant values from Table 4.1 (Figures 4.1
and 4.2), enable seed longevity calculations to be made easily and rapidly, These nomographs also illustrate
the general form of the relationship between storage environment and loss in seed viability. Roughly speaking
the logarithm of the storage period over which a given loss in viability takes place decreases linearly with
increase in either the temperature or the moisture content of storage; hence the values for storage period
on scale d of the nomographs are plotted on logarithmic scales, However this relationship is only approxi-

mate for it can be seen that the temperature (a) and moisture content (b) scales are not in fact linear.

On the temperature scale (a) of these nomographs it can be seen that the divisions (1°C) are closer
together the lower the temperature. This is indicative of a diminishing temperature coefficient; the lower
the temperature the smaller the increase in the log value of longevity that results from further reduction in
temperature (although in terms of an ordinary time scale there continues to be a greater Improvement In
longevity with each unit decrease in temperature}. Results from very many orthodox species - including
cereal, flower and vegetable species - indicate that over the same temperature ranges the longevity of all
orthodox species have a similar relative response to change in temperaturez. (Differences in the viability
constant values of CH and CQ between the three grain legume species in6 Table 4.1 reflect the difficulties in
accurately quantifying this non-linear relationship and are not significant®,) Consequently scales {a) and (c)
can be used to demonstrate for all orthodox species the relative benefit resulting from a reduction in storage
temperature (at a constant moisture content). For example a reduction from 1 to -20°C will result in a four-
fold (approximately) increase in longevity (Figure 4.1). Thus a store at -20°C would be expected to require
only one quarter of the manpower and land to monitor and regenerate accessions compared to a store at 1°C,
and this benefit can be obtained for minimal additional expenditure (Appendix 9). It is believed that -20°C

Figure 4.1. Seed viability nomograph for barley7 which solves the viability equation (4.1) for the
constant values provided in Table 4.1. The nomegraph may be used in many ways. For example, the
broken line illustrates a calculation to predict viability after 20 years storage at 4°C with 10%
moisture content {wb). Place a ruler at 4°C (scale a) and 10% mc (scale b}, and note the resultant
value (8,400 d) on scale ¢. Use this point on scale c as a pivot and move the ruler to indicate

7,300 d (20 years) on scale d. Note the corresponding value (0.8) on scale e and transfer this value
to scale f. Finally, by connecting this value on scale f with points on scales g and h by ruler, the
viability of an accession initially 99.5% viable {scale h) would be predicted to fall to 96% (scaleg)
whilst the viability of another accession initally 90% viable would be predicted to fall to 70% after
the same combination of temperature, moisture and storage period. Scale h can also be used to convert
percentage viability values (left hand side of the scale) to the appropriate probit values (right hand
side of the scale) or vice-versa. For example, if percentage viability is 98% then probit percentage
viability (v, equation 4.1} is 2, 'and when probit percentage viability is -0.5 percentage viability is
slightly more than 30%. Scales-e and f provide an estimate of loss in probit percentage viability,
that is Ki - v (equation 4.2). This value is the same for different accessioms when stored for the
same peridd in the same environment - as can be seen in the example calculation. Consequently this
value provides a rational basis that can be used to compare the effect of different environments on
the loss in viability to be expected for all accessions.
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represents a sensible compromise temperature for long-term storage. Below -20°C it is uncertain by what
factor seed longevity may be increased by further reduction in temperature whereas below this 'point the
costs of providing cold storage can increase sharply.

On the moisture content scale (b) of the nomographs it can be seen that the divisions (1% moisture
content) are further apart the lower the moisture content. That is the increase in longevity which results
from reduction in moisture content is more than exponential. Five = 1% moisture content {wb) was chosen
by FAQO as the preferred moisture content of storage rather than a lower value because of the practical
difficulties encountered in drying seed of certain species below this level (Appendix 3) and theré are some
species whose seed may be damaged by extreme desiccation. However, for those species whose seed can be
dried below this level without difficulty the resultant increase in longevity can be substantial {para. 11} and
very worthwhile.

The response of seed longevity to storage at different moisture contents varies between species (e.g.
Table 4.1). This appears to be mainly a function of seed oil content; the longevity of oily seeds (e.g. onion
and soyabean) is less sensitive to a given difference in moisture content than seeds with a very low oil
content (e.g. barley). Hence in Table 4.1 ‘the value of constant CW for onion and soyabean is similar but
considerably less than the value for barley. However, because the potential longevity of seeds with a high
oil content is relatively low (compare the values of constant KE) it is vital that these species seed be dried
despite the smalier relative beneficial effect,

Since seed longevity will differ between species in a given storage environment (due to differences in the
values of constants KE and Oy _t{etween species) it is difficult to define medium-term storage conditions.
It is suggested here that the nomographs for barley (Figure #.1) and onion (Figure 4.2) are used as some indi-
cation of the required environments for species with good and poor storage characteristics respectively., Many
species are likely to fall within the range represented by these two species.

One aspect of the storage environment that is excluded from the preceding equation is the influence of
oxygen partial pressure on seed longevity. At very high temperatures there is evidence that increase in
oxygen partial pressure reduces seed longevity, Conversely at very high moisture contents increase in -oXygen
partial pressure increases longevity. However at combinations of low temperatures and low moisture centents
it would appear that the effect of oxygen is negligible and difficult to discern. Hence in long-term storage
packaging in inert atmospheres has little or no effect on longevity and is unnecessarys. Sealing seed in air
at atmospheric pressure is satisfactory and is simple. Vacuum sealing is a more complicated technique which
is at least as satisfactory and is used by some seed banks. It is doubtful, however, whether the additional

costs are worthwhile.

It can be seen from the nomographs that, even within a species, different accessions (which have
different Ky values} have different longevities in the same environment. Thus in a seed bank it is expected

that some accessions of a species will require regeneration much earlier than other seed lots. Procedures for

Figure 4.2. Seed viability nomograph for »cum'.on2 which solves the viability equation (4.1) for the
constant- values provided in Table 4.1.
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managing accessions within seed banks are briefly considered here insofar as they affect the design and
provision of long-term seed storage facilities. A separate IBPGR publication is being prepared which will
examine these procedures in detail.,

" An accession represents a population of seeds. Within the population genetic mutation accumulates in
the surviving seeds as viability declines, In addition different genotypes within a species often show different
periods of longevity; consequently when an accession is genetically heterogenous, there will be a tendency to
select against short-lived types as the accession loses viability. To reduce the accumulation of mutation and
minimise genetic selection due to loss of viability in storage it is necessary to regenerate a sample from the
accession " to produce fresh seed before viability has fallen very far, i.e. to the regeneration standard9.
However any estimate of viability derived from a sampie of the accession is subject to error, the greater the

sample size the less the error, but the ‘greater the sample size the sooner the accession will be depleted.

‘To maximise the accuracy of tests whilst minimising the total number of seeds used when monitoring
accession viability the IBPGR Seed Storage Committee recommends the adoption of a sequential test proce-
dure in which only a small number of seeds are tested at one time, but a sequence of tests comprise the
complete procedure - the sequential probability ratio testg. This requires a succession of separate samplings
from the accession over a period of weeks. To minimise the possibility of the accession bulk increasing in
rmoisture content during these samplings it is suggested that they are carried out in the dehumidified
packaging room (para. 52). In addition the frequent sampling during the sequential test procedure will waste
containers unless re-usable containers (e.g. laminated aluminium foil packets or screw-capped cans or jars)

are used, *

Provided the preferred conditions are met, the rates of décline in viability in most species are likely to
be slow. The monitoring tests are designed to indicate when accession viability has fallen to the regeneration
standard.  Estimates of regeneration intervals (the time taken for viability to fall to the regeneration
standard) will scon be available for many of the major crops and for these species it should be possible to
base the monitoring interval (the storage period between each monitoring test) on such estimates. These
estimates differ between accessionsg. For safety,'and to allow for errors, the monitoring interval will be
some fraction of the estimated regeneration interval. In other species no estimates are likely to be available
in the near future. In such cases monitoring intervals will have to be guessed, and subsequently modified in
the light of experience. For many of these accessions monitoring intervals will probably approach 10 years.'
However, in a newly established store it will probably be advisable to begin with a shorter monitoring
interval (perhaps on a small proportion of accessions, preferably those of low initial viability) in order to
check that the system is working as expected, the first tests being carfied out after 3 to 5 years. Clearly
more laboratory facilities for seed testing will be required where the gene bank is maintaining relatively
short-lived species (e.g. onion) than one of the same size maintaining relatively long-lived species (e.g.

cereals).

*Research and development work after the orldginal report was completed has provided an
improved sequential prebability ratic test most sultable for application in genebanks. This
test, the truncated sequential probability ratlc test, is deacribed in detail in the following
peper. .

R.H. Ellis and J. Whitehead, 1987. Open, truncated and trilangular seed testing procedures. Seed

Science and Technology, 15, 1-17.
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Table #4.1 Values of the seed viability constants
Crop KE Cy Cy f.‘Q
barley 9.983 5.896 0.040 0.000428
chickpea 6 9.070 4.829 0.045 0.000324
cowpea 6 8.690 4.715 0.026 0.000498
onion z 6.975 3.470 0.040 0.000428
soyabean ® 7.748 3.979 0.053 0.000228
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IBPGR YREFERRED CONDITIONS FOR LONMG-TERM STORAGE OF SEED ACCESSIONS: AN UPDATE

When the preferred conditions for the long-term storage of seed accessions (-18°C, of less,
with 5 * 1% molsture content) were recommended by IBPGR in 1976 they were to some extent a
compromise based on the limited information avallable at that time. They were a compromlse
simply because although it was known that reduction in seed storage temperature or méisture
sontent increased longevity, the gquantitative nature of elther relation and the extent ts which
either relation was subject to limits was not known then. The evidence now available suggests
that those recommendations represent remarkably effective c¢ompromises with regard to _both
variables, bearing in mind the wide range of orthodox species to which they have been applied.

Temperature. As previously noted (page 58), the seml-logarithmle relation between temperature
and seed longevity is curved - such that each further reduction in seed storage temperatura has
progressively leas effect in relative terms. A recent comparison1 among eight specles with very
contrasting taxonomy (covering four of the ten super-orders of flowering plants) showed no
significant differences i1in the values of the wviability constants Cy and Cn. That 1s, the
relative effect of temperaturs on the longevity of seed of all eight contrasting species was the
same and so the conclusion (see page 58) that, over the same temperature ranges, the longevity of
seed of all orthodox spaecles have a -similar relative response to temperature is further
supportedl. The values of Cp and Cp derived recently from the very comprehenslve set of_dafa on
which this conclusion was based can be applied to provide our best estimates to date of the
relative benefit to the longevity of seed accessions from various reductions 1n seed wtorage
temperature. Thus, 1t 1s estimated that longevity 1s increased by a factor of almost 3 if
storage temperature 1s reduced from 20°C to 10°C; by 2.4 from 10°C to 0°C; by 1.9 from 0°C to
~10°C; and by only 1.5 from -10°C to -20°C. °

Moisture content. Further research since the first printing of this report has gcnfirmed=tha£ in
some species the logarithmie relation can continue down to very low moilsture contents. For
example, in sesame {(Sesamum indicum L.} the logarithmie relation has been shown tec continue down
to molsture contents as low as 2%2. The effect of a reduction to thls value from 5% moisture
content 1s conglderable: about a forty-fold increase 1n longevityz. Indeed, it has been pointed
out that ultra-dry seed storage has the potential to reduce the costs of conservation by reducing
the need for refrigeration since, for example, calculations for sesame seed accessions show that
longevity at 20°C with 2% molsture content is expected to be similar to that at the . IBPGR
preferred conditicns of -20°C with 5% molsture content?, )

There is, however, a low-moisture-limit te the negative logarithmic relation between seed
longevity and moisture®=3, This value varies greatly between orthodox species: for example, from
around 2% in very clly seeds such as groundnut {Arachis hypodgaea L.} and (presumabkly) sesame, to
just above 6% moisture content in very starchy seeds such as pea {Pisum sativum L.)4. Further
reduction in molsture content  immediately below these respective values of the
low-molsture-limits does not, or does not greatly, influence longevity3'5. Nevertheless, £rom
the point-of-view of seed storage these values represent the practical limits foxr deslccation.

Although the varlation in the above gravimetric values among species may at first seem
disconcerting, it does in fact reflect considerable uniformity amongst all the specles so far

investigated. Since the composition of seeds varles amongst specles of seed {especially in
percentage oil content), so does the relative humidity in egquilibrium with any given molsture
content (see Appendix 3). The common feature of the different molsture contents amongst species

balow which there is no further improvement in seed longevity is that they are all in equilibrium
with approximately 10.5% r.h. 4,5, Accordingly, we are currently investigating whether advice on
recommended seed storage moisture contents should be specified not gravimetrically but as an
equilibrium relative humidity of approximately 10-11%. A small pilot study with a genebank has
recently begun to test the advisability of such a recommendation in practice. In the meantime it
would be sensible to interpret the earlier recommendaticn of 5 % 1% moisture content as arocund 6%
for those species with starchy seeds which are difficult to dry much below 6% moisture content in
the recommended drying regime of 15°C with 10-15% r.h. (see paragraph 17, pp. 4-3), but 4% for
those species with oily and very oily seeds which dry comparatively rapidly to 4% moisture
content in these conditions.
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APPENDIX 5. THE DETERMINATION OF SEED MOISTURE CONTENT

The moisture content of a sample of seed is determined as the loss in weight of a sample when it is
dried. In seed technology it is expressed as a percentage on the wet or fresh-weight basis (wb, see Appendix
12). However, since the loss in weight of a given sample of seed will vary according to the temperature and
duration of the drying treatment it is necessary to use standardised drying procedures in order to obtain
results that are both repeatable and reproducible and that can therefore be used for comparative purposes.
The methods prescribed by the International Seed Testing Association are designed to reduce oxidation, decom-
position or the loss of other volatile substances whilst ensuring the removal of as much moisture as possible.
They are widely applied in seed technology and are thus most suitable for gene banks, The ISTA rules for
the determination of moisture content are summarised below. The rules and annexes to the rules for deter-
mining moisture content can be found in Seed Science and Technology, 1976, Volume 4, pages 40-43 and
160-163 respectively, with subsequent amendments in Volume 9, pages 307-8 and 334'.

. The first imperative throughout any drying procedure is to minimise the period during which the sample

is exposed to the laboratory atmosphere.

2. Determinations are carried out in duplicate on two independently drawn samples from thoroughly mixed

accessions.

3. It is necessary to predry very moist seed. The samples are weighed in previously weighed containers,
predried and then reweighed to determine the loss in weight (moisture). If moisture content Is more
than 30% samples are predried overnight on the top of a heated oven. If moisture content is between
17% to 30% and the seeds are large, samples are predried at 130°C for S5-10 minutes followed by

2 hours exposure to the laboratory.

4, Large seeds are then ground. (A list of species for which grinding is obligatery is provided in the

annexes to ISTA rules.)

5. The drying containers are made from non-corrosive metal or glass, with snug fitting covers to minimise
gain or loss of moisture. Before use they should be dried in an oven at 130°C for 1 hour and then

allowed to cool in a desiccator.

6. 45 to 5 g"‘ of sample are weighed into previously weighed containers. Seeds with a high oil content and

seeds of all tree species are dried for 17 & 1 hours at 103° + 2°C. Seed of other species are dried for

! The amendments have been consolidated in Amendments to International Rules for Seed Testing 1976,
54 pp, Zurich, 1981,

2 When the supply of seed is severely limited, it may be impossible to spare the 9-10 g prescribed by
ISTA. However satisfactory, but less aceurate, determinations can often be made with as little as
1 g of seed (2 replicates of 0.5 g each). If this is done it is necessary to use & four decimal
place balance and to reduce to an absolute minimum the periods during which samples are exposed to
ambient rh.
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1 h at 130°-133°C, except maize and other cereals where the exposure peridd is 4 h and 2 h respective-
ly. The drying ovens must be force draught ventilated. After drying the containers are covered, cooled

in a desiccator for 30-45 minutes, and then re-weighed.

7. Moisture content (wb) is calculated as loss in weight/original weight and expressed as a percentage to
one decimal place. If MT is the weight of the container {with cover), M2 the weight of container and
contents before drying, and M3 the weight of container and contents after drying, then the moisture
content (%)

= 100 x (M‘2 - M3)/(M2 - M) - {5.1)

1

In a two stage drying procedure the moisture content is calculated from the results obtained in the first
(predrying) and the second stages of the procedure as follows, If .’Sl and 52 are the percentage loss of
‘moisture in the {irst and second stages respectively, then the original percentage moisture content is:

My = (5I + 52)-—[(5I X 52)/1001 . 5.2

Although seed moisture content is eki:)ressed on the wet basis in agriculture and seed technology, in
other fields it may be expressed on the dry basis (see Appendix 12). The percentage seed moisture content
valie determined on the wet basis (Mw) can, if it is wished, be converted to the equivalent value on the dry

basis (MD) using the following expression

M. = 100 x wa(loo -M {5.3)

o W)

Conversely moisture contents expressed on the dry basis can be converted to the equivalent wet basis value

using the following expression

My = 100 x MD/(loo + Mp) ‘ (5.4)

Figure 5.1 provides an easy-to-use scale for converting moisture content values determined on either basis.

Moisture Content (% dry-weight basis)

0 10 20 30 L0 50 60
R e e  Ea L o o B A T AL s e
0 10 20 30

Moisture Content (% fresh-weight basis}

.

Figure 5.1. Scale for converting moisture content values between dry basis and wet basis {fresh—weight
basis).
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APPENDIX 6. LAMINATED ALUMINIUM FOIL PACKETS; THEIR SPECIFICATION AND PROPERTIES

Compared to metal cans or sealed glass vials, laminated aluminium foil packets are a relatively new seed
packaging mediumn. They also differ from the first two forms of containers because they are a composite of
three different materials - polyester on the outside, aluminium foil in the middle and polyethylene on the
inside, The polyethylene provides the sealing property, the aluminium provides a barrier to moisture and the
polyester protects the thin layer of aluminium from damage and oxidation. Sometimes there is an additional

outer layer of paper, but this is not essential.

Exact packet specifications differ between manufacturers and are being improved all the time, but at

present a typical laminated aluminium foil packet specification would be:

an outer layer of 17 g/m? Melinex (syn. Terylene},
4 gfm? lacquer,

a middle layer of 33 g/m? (12 um ) aluminium foil,
4 g/m? lacquer,

and an inner layer of 63 g/m? polyethylene.

Most packet specifications include 9-15 ym aluminium foil and 50-75 mm (46—69_ g/m?) polyethylene.

A warning: It is essential to obtain packets with a robust specification from a reliable manufacturer.
Paper packets lined with polyethylene or polyethylene packets painted an aluminium colour are not laminated
aluminium foil packets. Neither is suitable for hermetic storage. It is the aluminium foil which provides a

barrier to moisture,

In an undamaged state, aluminium foil can offer a total barrier to moisture. However, in practice, foils
used in packaging will exhibit some damage. Sources of foil damage are threefold: rolling holes, conversion
damage and abuse. The number of rolling holes present in virgin foil is largely proportional to the thickness
of the foil. Foil 30 um thick is 'commercial pin-hole free' whilst 40 ym foil is guaranieed hole free.
However in practice thinner foil is generally used to construct laminated aluminium foil packets (presumably
for malleability), Conversion damage occurs during the laminating process and is often typified by creases, or
score marks in the foil packet. Such packets should be discarded. Abuse damage is that occurring during the
filling, sealing, handling, transit and storage of seed packets. Hard sharp seeds may penetrate the foil. A
tough grade of polyethylene as the inside ply provides foil support, resistance to seed penetration .and appro-
priate heat sealing properties. In general, the greater the volume of the completed laminated foil packet, the
more vulnerable it is to abuse damage. It is Suggested that seed volumes of about 600 ml or more should be

stored in more rigid containers.

It is evident, then, that the aluminium thicknesses used to construct laminated aluminium foil -packets
may contain small pinholes, through which water can permeate, although the polyester and polyethylene layers
will minimise these. In fact moisture can enter a laminated aluminium foil packet via two routes: through
thé laminated body of the packet; and through the seals around the edge of the packet. In the former case
this will depend upon the combined properties of the laminated foil constituents, the relative water éoncen—

trations on the two sides of the film, the temperature, and the cross-sectional area of the packet. In the
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latter case this will depend upon the polyethylene thickness, the effective length of the seal, the width of the

seal, the relative water concentrations inside and outside the pack, and the temperature.

To calculate the ingress of moisture into a seed paéket via these two routes we have assumed a 100 mm
square (internal) packet made from a laminate of 12 um polyester/3 ym aluminium foil/50 um polyethylene,
Now 9 um aluminium foil has between 160-%,000 pinholes per m2. If the worst figure is assumed (8,000 per
m2), and it is further assumed that this density is doubled during the laminating process {conversion damage)
and further doubled during packet filling (abuse damage) then there will be 32,000 holes per m?. The total
area of laminated foil is 0.02 m? (both sides of the packet) and thus the total number of holes in a packet is
640 holes. If it is assumed that the average pinhole diameter is 50 um but that the effective permeation
through a pinhole is three times the true area then the effective hole area is 3.77 mm?. Through this area of
the pack only the polyester and polyethylene constituents of the laminate are present to limit moisture
ingress., Now at 25°C if outside rh is 100% and that in equilibrium with the seed is 75% the rate of water
ingress through 12 um polyester/50 um polyethylene will be 2.2 g/m? per day. Therefore water ingress into

the pack would be in the order of 0.003 grammes per year.

The second source of moisture ingress is through the seal. A packet 100 mm square will have a seal
length of %00 mm. The thickness of the polyethylene will be 50 ym (2 x 25 um). The seal width would be
about 6 mm. Assuming the same environment as before, the water vapour permeability will be about
0.01875 g/m? per day for a 6 mm seal width. This gives a rate of moisture ingress through the seals of this
pack of 0.0001%4 grammes per year. -

The total rate of moisture ingress through both routes is therefore 0.0031%4 grammes per year, Now a
packet this size could accommodate about 100 grammes of seed. If the seed moisture content was originally
6% (wb) then at this rate of moisture ingress the seed moisture content would rise to 7% (wb} after 343
years. This estimate by calculation involves several very pessimistic assumptions, and the packaging industry
has been unable to substantiate them by experiment because the actual rates of moisture ingress into packets
at 25°C are several orders of magnitude less than their measuring techniques can detect. Obviously, then,

good quality laminated aluminium foil packets are suitable for short-term storage at ambient temperatures.

They would also seem io be suitable for medium-term and long-term storage because at lower tempera-
tures, and in particular at -20°C, the rate of moisture ingress will be substantially less than at ambieni
temperatures. First the permeability coefficient of the polyester/polyethylene laminate falls with reduction in
temperature.  Secondly the vapour pressure of the surrounding atmosphere will be greatly reduced (see

Figure 3.1B). Moreover, ageing of polyethylene at -20°C "is expected to be negligible.

Gene banks using laminated aluminium foil packets must ensure that the packets are adequately sealed
after filling. There are two main designs of sealing machines. Both rely on heat and pressure to form a

seal with the two faces of the polyethylene inner layer.

~ In the first, static design, the -side of the packet to be sealed is positioned between two heated plates
which are closed together like jaws by the operator using a hand or foot controlled lever. The operator then
releases the pressure, the jaws open, and the packet removed. The problem with this design, unless it is

automated, is that the operator must ensure that equal pressure is applied to each packet for the same period.
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In the second design the side of the packet to be sealed is drawn between two heated plates by rubber
belts and then compressed between two contra-rotating wheels. Thus with this design the period of heating
and the pressure applied is automatically the same for all packets. The pressure applied to seal packets is
adjusted by altering the distance between the contra-rotating wheels, Obviously if these are too far apart
the seal will not be formed. However, and rather less obviously, if the wheels are too close the aluminium

foil may be scored by the wheels and water will then be able to permeate through these scores.

The temperature of the heated plates is adjustable and thermostatically controlled. The correct
temperature setting for each packet specification must be determined empirically. If the temperature is too
hot the outer layer of polyester will be damaged (it will shrink) and thus it wiil fail to protect the aluminium
foll. If the temperature is too cool the inner layer of polyethylene will not melt and thus it will fail to seal
correctly. The seals can be examined visually if the packets are cut in half and the two faces of the packet
pulled apart. The area of the polyethylene that has been sealed (before being pulled apart) will be opaque,
whereas the polyethylene within the sealed circumference will be clear. Compare the seal formed in the
machine with that of another side formed by the manufacturer., Make sure that this opaque area of the seal
15 even in width and continuous. It is important that the sealing technique used in the store is tested at
regular intervals and that the procedure is alse checked whenever a new batch of packets is obtained from

the manufacturer.

We ':\_!_vish to thank Mr. K.D. Jeffs (Metal Box Limited) and Mr, M.L. Lomax (Rubber and Plastics Research

Association of Great Britain) for providing technical information on the properties of laminates.
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APPENDIX 7. COLDROOM TEST PROCEDURE

Two simple tests can be conducted, prior to comwnissioning a coldroom, to minimise airfwater vapour

infiltration and to determine the effectiveness of thermal insulation.

A. Coldroom air/water vapour infiltration test

Unless properly constructed and sealed air/water vapour will enter a coldroom through badly made Vjo'i.nts
causing excessive icing of the air cooler and a loss of refrigeration capacity. A convenient way of detecting
this potential problem in advance is to pressure test the structure in order to determine air leakage.
Accordingly the following test is recommended for all new coldrocms once shelving has been fitted - because
this can distort a false floor, The test is also suitable for certain types of drying room construction. The
equipment required for the purpose is a small blower (a cylinder type vacuum cleaner is suitable) which is
capable of raising (or lowering) the coldroom air pressure by approximately 30 mm wg (water gauge) and a
manometer {a simple clear plastic or glass U-shaped tube [100 mm] filled to a depth of at least 50 mm) to

measure pressure change.

Possible points of air leakage around pipes and cable entry and exits must be made good before

commencing the test. Alr-vents etc, must also be sealed.

The blower and manometer must be connected directly to the store interior and the former provided
with a shut-off valve. The test is made by running the blower until a store-ambient pressure gradient of
approximately 20 mm wg (i.e. the difference in height of the two water columns) has been established. If
this fails to occur then the store or drying room system has a major air leakage which must be located and
repaired before the test is repeated, The blower is switched off and delivery line valve closed once the
desired pressure difference has been achieved, The time taken for the air pressure to fall from 19 mm to
13 mm wg (0.75 in. to 0.5 in. wg) should be greatér than 7 minutes, irrespective of coldroom size, for the
standard of construction to be satisfactory for seed store cperation.

Small air leaks can be detected by noise, a candle flame or gas tracer technigue. The total applied test
pressure must not exceed 30 mm wg otherwise structural damage may occur. [Note that although drying
rooms may be tested in a similar manner, moisture ingress can normally be controlled by pressurization,

i.e. dry room air pressure held at 2 mm wg above atmospheric pressure.
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B. Coldroom heat leak test

The conditions of thermal insulation in new and old coldroom faciiities can be measured, but with some
difficulty, by direct or indirect refrigeration based calorimetry. A simpler and more convenient approach is
to establish the heat leak rate using conventional resistance electric heaters before filling a new store or for
example testing an existing coldroom prior to low temperature operation. Such tests can be undertaken using
thermostatically controlled fan heaters adjusted to maintain the coldroom 10°-15°C above ambient dry-buib air
temperature. The actual electricity consumption per degree temperature difference after 4-6 days preheating
gives a d_ireét measure of the heat leak rate. Ambient air should be circulated between the coldroom

exterior and the surrounding building.
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APPENDIX 8 COLDROOM STORAGE CAPACITY

1.  Cost comparison between mobile and static shelving
A. CAPITAL COSTS

There are two ways to compare the costs of providing storage space within cold stores using mobile or
static shelving. Either one can compare the different areas of shelving provided by the two systems within a

given coldroom volume, or the different volumes of coldroom necessary to provide the same area of shelving.

The first cost comparison between mobile and stétic shelving considers the relative expense of fitting
out a 100 m? coldroom. Such a room would have an internal floor area of 40 m?. If the shelf units are six
shelves high then static shelving can provide 82 m? of shelf space, whereas mobile shelving can provide
155 m? of shelf space (Figure 8.1), Now, mobile shelving costs approximately twice as much as industrial
grade static steel shelving per unit area, typically about US $110/m® compared with about US $50/m?, The
cost of a 100 m? coldroom with [25 mm thick insulation panels is about US $26,500 (Table 1). Thus the

Figure 8.1. Plan of shelving systems within 100 m’ coldrooms with 40 m® floor area (5 x 8 m). Passage-
ways are 1 m wide, and the gaps between shelving and walls are 0.2 m. Left: mobile shelves. Shelving
racks occupy a floor area of 3.8 m X 6.8 m = 25_.84 m®. Since there are six shelves per rack,the total

shelf area is 155 m2. Right: static shelves. Shelving racks occupy a floor area of 3.6 mx 3.8 m=
13.68 m®. Since there are six shelves per rack, the total shelf area is 82 m,
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total cost of coldroom and shelving is US $43,550 with mobile shelving but only US 331,000 with static’
shelving. However, the costs per unit shelf area are US $281/m? and US $373/m? respectively. Thus in this
example the capital cost of a coldroom with mobile shelving per unit shelf area is approximately. three-

quarters that of a coldroom with static shelving.

The second cost comparison considers the relative expense of providing 155 m? of shelf spacé assuming
that both systems are six shelves high. With mobile shelving this requires a 100 m? coldroom (Figure 8.1).
With static shelving a 181 m? coldroom is required to provide 160 m? shelf space (Figure 8.2). The cost of a
coldroom of this size would be about US $38,000 {by interpolation from Table 1). The cost of 'pmvidiﬁg
shelving would be (60 x US $50, about US $8,000 making the combined cost of shelving and toldroom
US $46,000, or US $288/m? of shelf space. This figure is comparable to that for mobile shelving for a

similar shelf area.

Figure 8.2. Plan of static shelving within a 181.3 m® coldroom with 72.5 m® floor area (14.5m x 5 m).
Shelving racks occupy a floor area of 7 mx 3.8 m = 26.6 m®. Since there are six shelves per rack,
the total shelf area is 159.6 w®
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Thus, in general, if a coldroom is to be constructed within an existing building where space is not a
limiting factor the cost of providing a given area of shelf space will be very similar whether it is designed

for mobile or static shelving systems.

In the case of a cold store being constructed in a new building (or a coldroom being installed in an
existing building where space is limited) mobile shelving will be more economic, because the larger building
will cost more to erect. Allowing a figure of US $600/m? for building costs (para. 60), the total cost of
providing 155-160 m? o‘f shelf space, including coldroom, shelving and a building to house the cold store wouid
be about US $500/m? of shelf space for mobile shelving and US $620/m? of shelf space for static shelving.
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These figures include an allowance for an air-Jock and a machinery room. I the coldroom insulatien is
thicker than the 125 mm used in these calculations then the economic advantages of mobile shelving would be

greater,

8.  RUNNING COSTS

In general electricity costs per unit shelf area will be about half as much again for coldrooms with
static shelving as for coldrooms with mobile shelving. Thus if the coldroom is designed for least cost

operation it is essential to install mobile shelving.

2. Estimate of maximum coldroom capacity using mobile shelving

The following assumptions were made to -estimate the maximum capacity of a 50 m® coldroom {floor

area 5 m x 4 m and height 2.5 m) fitted with mobile shelving (Table 1).

1. Each accession is contained within a single cylindrical container measuring 103 mm diameter and 118 ram
high (para. 26).

2. Sixteen such accessions are located upright within a removable open top drawer (as a & x 4 grid pattern)
measuring 430 x 430 x 120 mm externally,

3. Each drawer occupies a 0.45 m run of a 0.45 m deep shelf.

&, Six mobile shelf stacks, each 2 m tall, 3.6 m long and 0.45 m wide, bolted back to back as 3 pairs for

convenience, are installed.

5. Two passageways are provided, each 1.2 m wide, at right angles to each other with a 200 .mm gap

between the stacks and adjacent coldroom walls to allow for air circulation.

6. There is a gap of 100 mm between the lowest shelf and floor, 146 mm between each of i3 shelves and
500 mm between the shelf stack top and coldroom ceiling.

7. The total linear shelf length is 280.8 m, ie. 13 shelves 3.6 m long, in each of 6 stacks,
8  The total number of drawers is 624 (280.8/0.45).
8. The maximum number of accessions is 9,98% (624 x 16).

Therefore the maximum calculated capacity of the 50 m® coldroom is 9,984 accessions (0.88 1 each).

Note that only 18% of the coldroom volume is effectively available for accession storage.
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APPENDIX 9. ECONOMICS OF COLDROOM CONSTRUCTION AND OPERATION

a) Long-term stores (para. 6)

The design of "low temperature" gene banks differs significantly from normal commercial practice (e.g.
meatstores) and consequently requires detailed examination. In a gené bank the product load is small,
intrinsically valuable, with a comparatively low spoilage rate, and the expected life of both the structure and
refrigeration equipment must be long. They are likely to be situated in rural areas without easy access to
urban service industries. Moreover although they will be free from the usual capital and interest charges
associated with new buildings they are, nevertheless;, u_nlikeiy to be protected from inflation and the conse-
quent escalation of running costs. For these reasons it is recommended that the coldroom be constructed for

least cost operation.

The main considerations involved are deceptively simple. ‘Increasing coldroom insulation thickness
decreases the size of the refrigeration unit (and standby generator, if installed) and thus opera;cional costs,

but increases the original cost of coldroum construction.

A straightforward method for calculating the theoretical minimum economic insulation thickness for a
modern 100 m? capacity coldroom (surface area of 143 m?) held at -20°C is provided here. The basic calcu-
lations can be applied to a store of any size operating at -20°C in any ambient temperature up to a daily

maximum of 40°C,
The following assumptions have been made.

|. Prefabricated polyurethane panels (k = 0.023 W/m per °C after 5 years) which range in thickness from
75 mm to 200 mm require the same amount of labour to manufacture and erect.

2. They are purchased on the basis of an inside-outside temperature difference of 45°C, i.e. a coldstore

temperature of -20°C and an ambient temperature of 25°C.
3. They have a variable cost which is directly related to the thickness of insulation.
4. Two package (factory tested) refrigeration systems are installed, each of which is capable of maintaining
the specified coldroom conditions. (Two systems are recommended to allow for the repair or replace-
ment of one defective system - particularly for gene banks op'erating in remote regions - whilst

maintaining the control temperature with the second system.)

5. The cost of the reirigeration equipment (within the range of 0.5-20 kW) can be predicted to an accuracy

of + 5% by the numerical expression given later (CR) .
6. A standby diesel power pgenerator adequate to maintain one refrigeration unit only is provided.

7. Items such as temperature recorders, frost protection heaters, lighting, air-locks etc. present a fixed cost

which is independent of the thickness of insulation and can therefore be excluded from the calculations.
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8. Prices exclude freight charges, local taxes, and are f.o.b. a European port.
9. Items i-6 comprise only 30-40% of the construction cost of a modular coldroom (erected within an

existing building).

U THE OVERALL HEAT TRANSMISSION COEFFICIENT

If the specific heat conductivity, k, of pblyurethane is 0.023 W/m dec. C &nd the insulation efficiency of
polyurethane panels is only 67% {due to local heat gains along metal seams etc.) then the overall heat trans-
mission per unit area of panel is '

U = 0.023/5 x 0.67 = 0.0343/S W/m? per °C

where S Is the panel thickness (metres).

@ THE HOURLY HEAT LEAK
The hourly heat leak for a total surface area of 143 m? and 45°C temperature difference is

Q@ = {0.0343 x 143 x 45)/S x 1000) = 0.2207/5 kW

QR THE OVERALL REFRIGERATION CAPACITY

The refrigeration plant is selected to cover the maximum daily design cooling load during a 16 h period.
If it Is assumed that the power requirement of secondary equipment - such as the air-cooled condenser and

coldroom air cooler fans - is directly related to, and 11% of, the cooling load then the overall refrigeration
capacity is

QR = {I.11 x @)f0.67 = 0.36567/5 kW

C THE ANNUAL ELECTRICITY CONSUMPTION

The power consumed to provide this refrigeration capacity will depend on the efficiency of the motor
and the refrigeration compressor. It is expected that the.refrigeration system will have a coefficient of
performance for refrigeration (ratio of cooling capacity to power input) of 1.9, be driven by an 85% efficient
electric motor, with fan power consumption equal to 22% of the compressor load. The annuai electricity
consumption for a 50% load factor (4380 h/annum) is then

c = (QRI(O.85 x 1L9)) x 1.22 x 4380 = 1210/S kWh/annum
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THE ANNUAL ELECTRICITY ' COST

E
A unit price of E US $/kWh gives an annual charge of:
g = CxE = 1210 x E/S US S$/annum
CI THE COST OF COLDROOM INSULATION

The basic variable cost for the polyurethane insulation panels is typically US $140/m*®. Thus the cost

per unit thickness is -

Cp = 140 x 143 x §$= 20020x S US §/m

THE COST OF PACKAGE REFRIGERATION UNITS

R
The variable cost for two self-contained refrigeration systems (accuracy x 5%) is
CR = 2 x 993 XQR = 1986 x 0.36567/5 = 726.2/s US$
SI THE THEORETICAL ECONOMIC INSULATION THICKNESS

The theoretical economic insulation thickness (SI) is that thickness of insulation which provides the
lowest combined cost of coldroom insulation, package refrigeration units and operation. Obviously the value
of SI obtained will depend on the number of years of operation included in the calculation and the expected
cost of electricity in the future, If only the first year of operation is taken into account and the cost of
electricity is expected to be US $0.1/kWh then the theoretical economic insulation thickness in metres (m)

is found by solving for. 5 when

Cr+Cp = G
Thus (20020 x S) + {726.2/5) = {1210 x E/S)
and therefore _ S; = Jf210 x 0.1) + 726.2] /20020 = 0.206 m

This represents a minimum economic thickness since only one year's operational costs are taken into
account. This thickness is double the commercial recommendations for small frozen meat cold stores, This
is because two refrigeration systems and a standby generator are required for long-term seed stores and this
cost is included in the calculation of SI . Theoretically if operational costs. for the first 10 years are
included in this calculation the economic insulation thickness is 30% greater (i.e. approximately 0.3 m). At
present this thickness is outside ménufacturing iimits, but nonetheless highly desirable should panels of this

thickness become available,




- 80 -

If the expected cost of electricity is higher than the value used here then the minimum economic
thickness will be greater, whereas it will be lower if ambient temperature is below 25°C. The following

generalised expression should help to clarify the relative importance of the more important variables:

. electricity cost x thermal conductivity x temperature difference
least cost thickness = - - = -
expected life of store x insulation cost per unit depth

h) Medium-term stores (para. 12)

The construction of coldrooms for medium-term storage can be simplified because the control tempera-
ture is above freezing point. Dual reifrigeration systems and standby generators are recommended for tropical.
locations. However in temperate climates they are generally unnecessary, provided that more than one
coldroom is operational. Accessions within an active collection maintained in a medium-term store may be
sampled quite frequently; the use of static shelving and open storage would considerably ease the sampling
work load. However these two measures will adversely affect running costs. First, the overall heat leak per
accession is increased because, for a given number of accessions, a larger volume coldroom is required for
static, compared to mobile shelving (see Appendix 8). Secondly the running costs of a dehumidifier and
auxiliary refrigeration equipment (for cooling recirculated air) necessary to control the relative humidity for

open storage are considerable and must be added to the main refrigeration cost.

Repeating the basic calculations made in the previous section for a 100 m*® medium-term store, control-
led at 5°C and applying a correction for improved refrigeration capacity because of the reduced temperature
gradient, gives a theoretical economic insulation thickness of 0.133 m. The comparative estlmated annual

running cest {as specified) would be:

Long-term storage 1210 x 0.1/6.206 = US $587.3
Medium-term storage  340.53 x 0.1/0.133 = US $256.0

Difference US $331.3

However, providing dehumidification (sorption) plus auxiliary refrigeration would cost between US $6438
and $955 per annum per kg of moisture removed daily. A minimum design load of 2.5 kgfdayfor a 100 m’
store gives an upper running cost for dehumidification of 7.2 times the difference between the refrigeratiori
costs at the two temperatures. For sealed storage the running cost at 5°C is approximately half that for
_20°C. However the difference (US $331.3) represents an insignificant proportion of the total gene bank
operational costs and must always be considered in relation to the increase in seed storage life (and conse-
quent reduction in the costs of monitoring and regeneration) that will result from storage at the lower

temperature (see Appendix #).

) Since the design criteria and hence the original capital cost can influence the subsequent electricity
costs for maintaining both low and medium temperature cold stores, it is recommended that quotations for
new cold stores be compared on an overall economic basis, which may include the cost of monitoring and

regenerating accessions, rather than the lowest price tender.
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APPENDIX 10. ALTERNATIVE OR TEMPORARY SEED STORAGE FACILITIES
&) Deep-freeze cabinets

Domestic deep-freeze cabinets are entirely suitable for the presefvation of small collections of seed,
where major expenditure on a small purpose-built cold store is not justified. They can also provide temporary
storage of air-dry seed before final drying during collection and/or to reduce the seasonal load on drying

equipment.

Deep-freeze cabinets can be positioned in any suitable vacant space with the number of cabinets installed
closely matching the storage requirement. Moreover, expansion of storage capacity can be readily and rapidly
achieved by purchasing additional units from local suppliers. However, both the capital and running costs
(per unit volume) of deep-freeze cabinets are greater than a prefabricated coldroom for large seed collections.
The capital cost of deep-freeze cabinets is between US $920-2,250 per m?® (Table 11.1) but only US $150-360
per m* for a basic prefabricated coldroom {Table 1). Running costs of deep-freeze cabinets are approximate-
ly double those of conventional coldrooms {per m?) because deep-freeze cabinets have only a minimum
insulation thickness for competitive commercial reasons. The break-even point where the cost of a
prefabricated cold store begins to be cheaper than deep-ireeze cabinets is about [0-15 m?. However, 10 m?
of storage space would require 17 x 600 litre capacity deep-freeze cabinets and these would occupy a

considerable amount of floor space.

Generally all domestic deep-freeze cabinets are capable of maintaining the preferred temperature of
-18°C or less, in ambient temperatures up to 32°C. Above this temperature it is important to obtain
cabinets designed for tropical conditions. ©On many deep-freeze cabinets a variable controller allows tempera-
tures within the range -18°C to -2i°C to be selected and maintained. Purpose-built ice-cream freezers
normally maintain a slightly colder temperature (-22°C). Either horizontal {chest) or vertical cabinets can be
obtained. The latter are more economical on floorspace and readily accessible making the location and
removal of accessions comparatively easy. However, they suffer from cold air fallout when the doors are
opened and are generally more expensive, Consequently chest deep-freeze cabinets are superior in terms of
internal temperature stability, reliability and relative absence of frost accumulation. Where floor space is not
a limiting factor the purchase of chest deep-freeze cabinets is therefore advised in preference to upright
cabinets. lce-cream freezers of classic design have a light, folding inserted lid; these lids do not form ver}
good seals with the body of the cabinet, allowing frost to accumulate inside. This design of cabinet
consequently requires defrosting far more regularly than those domestic chest cabinets with a heavy

cantilevered lid; the purchase of the latter design is therefore preferable,

Domestic chest deep-freeze cabinets are available in a“very wide range of sizes from about 140 litres
(gross) (external dimensions, height x weight x depth, 850 x 600 x 600 mm) to 600 litres (gross) (900 x
1,750 x 650). The potential capacity is difficult to define since it will depend upon the number of seeds in
each accession and the size of the seeds (Appendix 2). In addition allowance has to be made for the packag-
ing in which the accessions are sealed and a filing system within the deep-freeze cabinet to enable individual
accessions to be located rapidly and retrieved. For example a 600 litre (gross) cabinet has a net capacity of
some 580 litres. Using a commercially available filing system it is possible to store 162 cylindrical metal

cans of 103 mm diameter, 115 mm height and an internal volume 380 ml within this capacity cabinet. This
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size of container can-accommodate -approximately 2,000 maize seeds, 16,000 seeds of wheat, rice, barley, rye
or triticale, 20,000 sorghum seeds or 25,000 oat seeds. With a smaller container of 130 ml internal volume
(50 mm diameter x 70 mm height) the same filing system can accommodate 1,620 accessions. This would
allow for approximately 13,000 onicn seeds per accession or 25,000 brassica seeds per accession. With the
large container size 162 x 880 ml of the 580 litres are used to store seeds, that is about 25% of the
available volume. With the smaller container size 1,620 x 130 mi of the 580 litres are used, about 36% of
the available volume. It should be possible to increase both these proportions if a purpose-built filing system
is constructed which takes into account both the container size and shape and the internal dimensions of the
cabinet. Figure 10.1 provides details of two methods of providing filing systems within deep-freeze cabinets.
If purpose-built filing systems are constructed care' should be taken to avoid insulating accessions from the
walls and base of the deep-freeze cabinet, and to allow for movement of air within the deep-freeze cabinet.
As a general guide -we suggest-that-25%-40%- of.-the. internal. volume.of .the cabinet. is assumed to be_available.
for the accession containers when planning the size required. In addition a further allowance for future
material is desirable. Details of refrigeration performance and electricity consumption should be obtained
from the manufacturers. As a puide, the normal correct electrical load (single phase) will be between
500-800 W/m?, However, the starting current is approximately six times the running current; this will limit
the number of deep-freeze cabinets that cén be connected to a single ring main. The daily power load is
greatly influenced by ambient temperature; rising from about 6 kWh per m? per 24 h at 20°C to 8§ kWh per
m? per 24 h at 30°C.

Although it is assumed that the deep-freeze cabinet is to be installed in existing buildings-some thought
should be given to location. It is advisable to ensure that the temperature of the room in which the deep-
freeze cabinet is located is not substantially greater than the external ambient temperature. For example,
where possible the room should be ventilated, shaded from fhe sun and not contain too much additional
electrical equipment that is in continuous operation. Of course these points are less important in temperate
countries. -~ Further-thought--should- -be -given-to..the. following: - . is. the. location. secure; are the.doors. and
corridors wide enough to install the cabinet (allow about 60 mm over the depth for hinges, and allow for
turning room)?  Finally it is worth thinking about how the deep-freeze cabinet, or the contents at least,
could be evacuated in an emergency, e.g. fire. If the cabinet is equipped with heavy-duty swivel castors and
jocated on a ground floor near a door then it should be possible for a single person to evacuate it (and thus
its contents) from the building very rapidly. Most domestic chest deep-freeze cabinets are provided with a

lock and key, which will prevent unauthorized persons tampering with the collection.

Most deep-freeze cabinets have an operational life in excess of 6-10 years depending on the refrigeration
load (as reflected by the accumulated hours of compressor-motor operatic;n) and the quality of thermal insula-
tion and construction. Provided the seals around the lid are adequate and the cabinet is opened infrequently,
chest cabinets will only require-defrosting -every few.years, if then. It is normally unnecessary to have a
spare deep-freeze cabinet in reserve for temporary accession storage during defrosting provided the accessions
are in sealed containers. They should be stored at the lowest temperature at which space is available and be
insulated, for example with a blanket. If accessions must be kept at ambient temperatures for a day, this
will be no more serious than a delay of one day when putting the seeds into store on arrival (Appendix #).

Containers must be wiped dry of condensation before being returned to the deep-freeze cabinet.

By far the most serious factor affecting the reliability of the storage system will be the mains
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Figure 10.1 Methods of filing accessions within chest deep-freeze cabinets

On the left of the photograph is a 55 cm tall aluminium file (see text). A 580 litre (net) deep-
freeze cabinet can accommodate 27 of these files. Each can be separately lifted out using the handle
on top (use gloves), the appropriate drawer selected and the accession required removed. The bottom
drawer contains ten 130 ml capacity metal cans (see text); the drawer above contains ome 880 ml metal-
can (see text) and five laminated aluminium foil packets. The drawers could also accommodate $mall
screw top jars or similar containers.

To the right of the photograph is a purpose-built filing system constructed from wood and wire
with polythene bags providing the vertical files. Each file contains up to 60 laminated aluminium
foil packets, and there is space for 12 vertical files providing a total capacity of 720 accéssions:
This filing system almost fills a 210 litre (net) cabinet. The only drawback with this system is that
it is comparatively time—consuming to locate and remove the required accession from the polythene bag
vertical file before the remaining accessions within this file can be returned to the deep-freeze
cabinet. ’

£

electricity supply. The first essential is to be aware that a disruption in power supply has occurred. This
can be achieved with little cost by fitting a buzz plug to the mains lead of the freezer. If the power supply
is cut the plug will emit a loud buzz for approximately 48 hours (that is uniil the battery within the.plus is
exhausted), Note that this form of 'device will inform you of a very local disruption in supply (for example
failure of the ring ma‘in). The rate of temperature rise within the deep-freeze cabinet during a prolonged
interruption to the power supply can be minimised by insulating the freezer with, for example, blankets.

These should be removed immediately the power is restored to avoid damaging the refrigeration unit. A



- 84 -

small standby electrical gemerator would be advisable in locations where prolonged disruption of the power

supply is expected.,

Some means of determining the temperature within the deep-freeze cabinet is required. The simplest
and cheapest procedure is to place a sub-zeroc thermometer within the deep-frecze cabinet. However this
means that the deep-freeze cabinet has to be opened to determine the temperature. Consequently some form
of remote temperature record might be preferred. The temperature within the deep-freeze cabinet must be
checked regularly because thermostat adjustment may be required to compensate for changes in ambient

temperature. A persistent and gradual rise in temperature may warn of an impending refrigeration unit

failure,

Table 10.1

Guideline of approximate costs of deep-freeze cabinets and associated equipment

us §
Domestic chest deep-freeze cabinets (-20°C)

120 litres 270

420 litres G40

600 litres 550

Heavy duty swivel castors 30
Buzz plug (power failure alarm device) 20
-80°C to +30°C thermometer (mercury-in-glass) 20
[Thermally insulated low temperature gloves 90}'
{Comprehensive aluminium filing system (for I
600 litre cabinet) 1,200]
[Dial thermometer 40]]
f1.5 kVA standby electrical generator 800]I

! Optional

b) Portable cold stores

If a cold store is required urgently and the size necessary is greater than can be reasonably accommoda-
ted within deep-freeze cabinets then the purchase {or lease, If the requirement is temporary) of a portable
cold store should be considered. This can be positicned close to research facilities and will not require any
provision of buildings or ground preparation. A portable cold store can also provide temporary or long-term

storage facilities in areas remote from major regional gene banks.

Portable cold stores are constructed for road transport with full weather protection. They are designed.
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to maintain temperatures down to -20°C using refrigeration equipment and thermal insulation material
identical to that proposed in this report for coldroom construction (para. 3% and Appendix 9). Portable cold
stores range in capacity from 25 to 55 m’. They cost between US $800-1100/m* (f.0.b. European: ports),
including mobile shelving and two independent refrigeration systems. The price of portable cold stores for

operation at 0°C, Le, suitable for medium-term stores (para. 12), is 10%-15% cheaper,

International freight regulations impose certain limitations on portable cold store size. This means that
additional equipment can only be incorporated within the main frame for a loss of useful refrigerated space.
It is more satisfactory, therefore, to position auxiliary equipment externally and to purchase these items
locally. The insulated shell would be expected to last at least 10-20 years with the refrigeration plant being
progressively replaced after 10 years. A three-phase power supply - 6 to 14 kVA (about 250-350 W/m? of
total volume) - is necessary for normal running with an allowance for a starting current of between 70-140 A
depending on cold store capacity. In addition a standby generator is required which can satisfy this power

demand.

c) Inexpensive medium-term stores

Where the cost of a prefabricated cold store is prohibitive, a less expensive medium-term store can be
provided using local materials. The store can be built with a cavity wall from local materials., It can be
insulated with a wide range of natural dried substances, e.g. cotton/rice seed hulls, oleander seed, wood shavings
or corkboard (k = 0.06 W/m per °C). These should be placed in the cavity wall and above the ceiling within
a heavy plastic sheet lining (15-25. cm thickness for tropical conditions within 500-1,0600 gauge lining). Note
that vapour barriers must always be placed on the warm side of the insulation. Mt is, of course, important to
ensure that the building is vermin-proof, moisture-proof and not prone to floeding, in particular during the
wet season. The room can be cooled to operate at 10%15°C using a package-type air conditioning unit. This
unit should be rated on a heat leak basis and not the floor area rating specified by manufacturers for

domestic purposes.

d) WNatural rock stores

Limestone caves have been successfully adapted to.cold storage in North America and Northern Europe.
They can be inexpensively converted, because a permanently frosted zone extending at least 10 m into the
rock (approximately 80 times the coldrcom wall insulation thickness), formed by an initial é-9 month period
of continuous refrigeration, after which part of the refrigeration machinery is removed, gives the necessary
insulation. Running costs, after the pull-down period, are comparatively low and standby power generators
are not required because of the protecting frosted strata. The cave entrance must be sealed by a conven-
tional cold store door and air-lock. However, poor access and underground streams, which cause periodic

flooding, may hinder the operation of such stores.
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APPENDIX 11. OUTLINE OF FLOW OF SEED, INFORMATION AND CONSUMABLE MATERIALS
IN A GENE BANK

When designing the layout of a gene bank it is necessary to take into accotint the flow of seed,

information and consumable items within the bank. An outline of these flows is provided in Figure 11.1.

Figure 11.1 Outline of major flows of seeds, information and consumable materials within a
gene bank maintaining a base collectiom.
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The space allocated to pre-storage activities (paras. 51-53) will depend on the expected peak loads of the
receipt of material. Even if such matters are carefully planned it may not be possible to employ sufficient
staff to deal with these peaks of input. Consequently it is necessary to plan for temporary storage where

bottlenecks are likely to occur.

Since bottlenecks are likely to feed back to initial activities it is particularly important to allow for
temporary storage oh receipt and to minimise seed deterioration during this period. Seed arriving in a damp
condition can deteriorate rapidly at ambient temperature (Appendix 4). Thus the seed should be stored at low
relative humidity and preferably at a cool temperature before threshing and cleaning, particularly if there is
likely to be any delay in handling the material, Similarly, threshing and cleaning shouid be carried out in a

similar environment but this is not so important if there are no delays at this stage and, after treatment, the
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seed is immediately passed on to drying, In this room a dust extraction unit shouid be installed if large
quantities of material are to be handled. The extractors should expel dust from this area and not be of the
type which attracts and collects dust., The drying room will need to be kept at a low relative humidity
{10%-15% rh) and preferably at a cool temperature (10°-15°C)} (paras. 17, 18), unless a two-stage drying
procedure is to be used (para. 18). It is preferable that the packaging room is also maintained at 10%-15% rh
(para, 52), but at a comfortable temperature for work.

If necessary activities (a) and (b} {Figure 11.1} could be combined in one room, and (c) and (d} in another,
If (a) and (b) are combined then the conditions in this room would be governed by the need for temporary
storage whilst providing satisfactory working conditions. Thus the relative humidity should be low and the
temperature should be cool, but not celd. An air conditioning unit might be satisfactory here, say 17°C with
409% rh (see Appendix 3). If (c) and {(d) are combined the provision of the seed drying facility demands a
relative humidity of 10%-15% and the temperature should be controlled at about 15°C. [ activities are

combined within rooms it is obviously an advantage, so far as possible, to partition the various activities.

Since the seed testing laboratory is likely to contain a considerable amount of equipment (paras. 54-57),
the likely location of this equipment withfn the laboratory should be taken into account when planning the
position and layout of the laboratory. Finally the office for records and the gene bank manager {para. 58)
should be in the vicinity of both this laboratory and activities {a), (b}, (c} and (d) to ensure that the gene

bank can function effectively.
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absorption

accession

accession size

active colleciion

adsorption

air-change rate

air cooler

air curtain

air-dry

gir-lock

ambient (condition)
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Process by which a fluid penetrates into the body of another mat-
erial, e.g. the penetration of moisture into the body of another

substance.

A sample of seed representing a cultivar, breeding line or collected

field sample which is bheld in storage for conservation.

The number of seeds contained in each accession, For genetically
uniform (homogeneous) accessions typical numbers considered ideal
for base, duplicate and active collections are 4,000, 1,000 and 3,000
seeds, and for genetically variable (heterogeneous) accessions
12,000, 3,000 and 5,000 seeds, respectively.

A collection of seed accessions for medium-term storage. It is
assumed that a centre holding such a collection takes responsibility
for regeneration, multiplication and distribution, evaluation and

documentation. (Previously termed working collection).

Process in which a fluid (e.g. moisture) is attached to the surface
of a solid. In porous substances the effective surface is extended

internally.

The ratio of the volume of air introduced or recirculated, per unit

of time, to the gross volume of the ventilated space.

A finned heat exchanger in which air and a cooling medium (refri-

gerant) are subject to thermal exchange.

A high velocity air barrier limiting the exchange of air between

adjacent zones.

A widely used term which simply indicates that the seed has been
dried {c.f., fresh (moist) seed) and is in equilibrium with ambient
air.  However the moisture content of ‘air-dry seed' can vary

greatly (see Appendix 3).

A secondary cubicle, with sealed door, surrounding the entrance of

a coldroom or drying room, to permit access with minimal air

infiltration, arranged so that only one door is open at any one time.

The prevailing ({condition) of the atmosphere surrounding the

component under consideration.




base collection

breeders' working collection

capacity of a refrigeration unit

chilling factor

coefficient of performance

current {locked rotor)

condensing unit

conservation centre

defrosting

dehumidifier

de-rating

g0 -

A collection of seed accessions for long-term conservation. It is
assumed that a centre holding such a collection assumes responsibi-
lity for viability tests, records and other administrative matters -
particularly links with active collections for regeneration and
evaluation. The IBPGR has requested certain institutes to accept
responsibility for storing major base collections as ‘world' or

‘regional' repositories. (Previously termed a conservation centre).

A collection of seed accessions for immediate use by breeders.
Such collections are regarded as outside the framework of genetic
resources cenfres, but use of genetic resources by breeders will
generate information relevant to evaluation and documentation.

(See active and base collection).

The refrigeration effect (kw) determined by testing under prescribed

conditions.

Metabolic heat loss rate, relative to environmental conditions, based

on human comfort.

The refrigeration effect produced per unit of work supplied based

on common energy units.

Electric motor current measured with the drive shaft in a fixed

position,

A built-up unit of refrigeration plant components including a power

driven compressor, condenser and liquid receiver.
See base collection.

Removal, normally by heat or by mechanical means, of precipitated

atmospheric moisture after it has been frozen,

An apparatus for removing moisture from a substance (air), either
by precipitation on reduction of temperature or by the use of a

hygroscopic substance,

Reducing the achievable performance of a machine to allow for

operational conditions outside the manufacturer's test specification.



dormancy

duplicate collection

duty (refrigeration)

enthalpy

equilibrium moisture content/
relative humidity relationship

evaporatar

frost heave

genetic resources centres

germination
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As applied to seeds, the condition of a viable seed which prevents
germination when supplied with the conditions normally considered
to be suitable for germination, viz. adequate moisture, a suitable
temperature and adequate aeration. Unless appropriate techniques
are adopted, a dormant seed may be mistaken for a non-viable seed

in a germination test.

A duplicate collection of a base collection stored under similar
conditions to the base collection, Le.for long-term conservation, but
at a different location as an insurance against accidental loss of

material from the base collection.

The quantity of heat which the plant is expected to extract under

specified conditions of temperature and time.

Thermodynamic property of a substance (air), frequently called

total heat or heat content.

The relationship between seed moisture content and the relative
humidity of the air. The relationship is different for different
seeds and depends on their physical and chemical composition. Qil
content is an important factor: the greater the oil content the
lower the moisture content at a given relative humidity. The
relationship also shows hysteresis and is temperature dependent {see

Appendix 3).

That part of a refrigeration system in which refrigerant Is

vaporized to produce cooling.

Upthrust of the ground caused by the formation of ice layers in

the subsoil.

Institutes which have accepted responsibility for the conservation of

major base collections as a 'world' or ‘regional' repositery.

Ultimately the production of a seedling from a seed, but germina-
tion begins from the first metabolic processes during imbibition.
Radicle emergence is normally the first visible sign that germina-
tion has commenced. Howevér, radicle emergence may sometimes
be followed by no further growth or by abnormal growth and
development. Thus according to ISTA rules, only seedlings which
show normal morphology - indicating that the seedlings are capable
of developing into mature plants given favourable conditions - are

considered to have germinated (normal germination).




germination test

hard seeds
hermetically-sealed
compressor unit

hermetically-sealed
refrigeration system

hermetic storage

laminated aluminium foil
packets

load (refrigeration)

long-term storage

medium-term conservation
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A laboratory test to estimate the proportion of germinable seeds in
an accession, The result is normally expressed as a percentage.
According to ISTA rules the test is carried out on a fixed sample
size of %00 seeds, but an alternative procedure to determine the
appropriate sample size - the sequential probability ratio test - is
available to seed banks. ISTA rules (or similar) prescribe test con-
ditions that are designed "to give the most regular, rapid and
complete germination for the majority of samples of a particular
kind of seed”, Additional treatments may be required to remove

seed dormancy.

Seeds which fail to imbibe when placed on moist medium because
the seed coats are impermeable to water, Consequently they do

not germinate.  Sometimes considered as a form of dormancy.

A refrigerating compressor and a directly connected electric motor

hermetically sealed in a welded casing.

A comnpletely sealed refrigeration system fabricated by the original

manufacturer,
Storage in an air-tight, moisture-proof, container.

Packets constructed of a laminate consisting of an inner layer of
polyethylene, a middle layer of aluminium foil and an outer layer
of polyester (usually melamine}. There is sometimes an additional
paper layer outside this. The packets are sealed by heat and

pressure.
The Immediate refrigeration duty at the time considered.

The storage of seed for long-term periods as, for example, in base
and duplicate collections. See 'preferred storage conditions'.
The period of storage before seeds need to be regenerated (see
regeneration and regeneration standards) will vary between
crops, but is expected to be at least several decades and in some
cases possibly a century or more for high quality seeds of certain
species. Stores operated at sub-zero temperatures have been

classed as long-term stores.1

The storage of seed for medium-term periods as is often used for
active or breeders' collections. Under the same conditions of
storage the seeds of different species will have different periods of
longevity. Thus it is difficult to define precisely the period

envisaged by 'medium-term'. A period of 10 years or more in



{medium-term conservation
- continued)

moisture content
{dh, i.e. dry basis}

moisture content

(wh, i.e. wet basis)

monitoring interval

monitoring test

multiplication

open unit (refrigeration)

orthodox seeds

preferred storage conditions

primary dormancy
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which there would be little loss of viability is generally assumed.
As a guide stores which are run at temperatures between 0° and

10°C have been listed as medium-term s’cores.I

The weight of free moisture divided by the weight of dry matter
expressed as a percentage, It is normally determined by oven-
drying methods (Appendix 3). The relationship between percentage

moisture content dry basis and wet basis Is shown in Appendix 5.

The weight of free moisture divided by the weight of water plus

dry matter expressed as a percentage. Seed moisture content in

seed testing is expressed on the wet basis. It is -sometimes
described as fresh-weight basis. It is normally determined by oven-

drying methods (Appendix 5).

As applied to accessions of seed, the period of storage between

monjtoring tests.

As applied to accessions of seed, a test {viability and/or moisture
content) carried out on a sample taken from an accession in
storage to ascertain whether to continue storing the accession or

to regenerate.

A representative sample of an accession is grown to increase (i.e.

multiply) the supply of seed available for distribution.

An indirectly (belt) driven refrigerant compressor with separate

motor,

Seeds which can be dried to low moisture contents and low
temperatures without damage and in which longevity is increased by
so doing. Percentage viability after any given storage period can
be related mathematically to temperature and seed moisture con-
tent. The majority of crop species fall into this category (see
Appendix 2).

3 for

The storage conditions recommended by FAO? and IBPGR
long-term seed conservation, -viz. storage at -183°C or less in air-

tight containers at a seed moisture content of 5 x 1% (wb).

The dormancy present in a seed at harvest which is normally main-

tained for some time after harvest.




recalcitrant seed

refrigerant

regeneration

regeneration standard

relative humidity

saturated vapour pressure

secondary dormancy

seed lot
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Seeds which are not orthodox with regard to their storage charac-
teristics (see orthodox seeds). So far only one type has been
recognised:  i.e. seeds which cannot be dried without injury e.g.
cocoa and rubber seeds. Because they cannot be dried, recalcitrant
seeds cannot be stored at sub-zero temperatures without freezing,
and many tropical examples also show chilling injury (damage at
about 10°C or less), No methods are so far available for the

medium or long-term storage of recalcitrant seeds.

The medium for conveying heat in a refrigeration system, being

evaporated by absorbing heat at a lower temperature, and liquefied

by surrendering heat at a high temperature. Either direct - where
the refrigerant is wasted {e.g. liquid nitrogen) - or indirect - where
the refrigerant is recovered by recirculation (e.g. as in conventional

refrigeration systems).

The production of a fresh stock of seeds by growing plants from a
representative sample of seeds from an accession in order to
replenish stocks when they have been depleted (by use in viability
monitoring tests, or by distribution) or when loss of viability to the

level of the regeneration standard has been detected.

The percentage seed viability (normally determined from a germina-
tion test) at, or below, which a decision is made to regenerate the

. o B
accession as soon as possible’.

The ratio of the weight of water vapour present in the atmosphere
to the weight which would saturate the atmosphere at that
temperatufe. It is also the ratio of the water vapour pressure to
the saturated vapour pressure at the same temperature. (See

psychrometric charts, Appendix 3).

The total amount of water vapour that can be held in the atmos-
phere at a given temperature, expressed as a pressure. The value
increases at an increasing rate’ with temperature e.g. from 6.1 mb
(millibars) at 0°C to 17.0 mb at 15°C to &42.& mb at 30°C, and a
barometric pressure of 1,000 mb. (See psychrometric charts and

vapour pressure nomogram, Appendix 3).

The dormancy within a seed induced by post-harvest environment,

A large bulk of seed of the same genotype, or genotype population,
which has been produced in a single environment and subsequently
treated uniformly (i.e. harvested at the same time, then dried and

stored as a single bulk).



semi-hermetic motor
compressor unit

sequential probability ratio
test

stacks

stanchion

thermal conductivity

topographical tetrazolium test

viability test
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A refrigerating compressor and a directly connected electric motor

in a casing that can be dismantled.

A series of discrete tests of individuals {where in this instance an
individual is a seed), or small groups of individuals, where the
decision to test further individuals or stop the test depends upon
the cumulative result. Thus the number of individuals tested
depends upon the results obtained and is not pre-determined. A
sequential germination test procedure has been developed for use in

gene banksq. See also the reference provided on page. 62.

Self-supporting, multiple shelf, mobile storage units with small
wheels and tracks.

A structural load bearing column.

The time rate of transfer of heat by conduction, through unit
thickness, across unit area for a unit difference of temperature.
k is the thermal conductivity and has a constant value depending
upon the nature of the substance. It is expressed as watts per

metre per degree Celsius,

A test for viability in which moist seeds are soaked in a solution
of triphenyl tetrazolium chloride. It depends on the reduction of
the colourless soluble triphenyl tetrézolium chloride to a red-
coloured insoluble formazan by dehydrogenases present within living
tissue. The rate of this reaction is affected by pH, temperature,
atmospheric pressure and the concentration of the tetrazolium salt.
The interpretation of the result depends on the staining pattern of
the various organs (hence topographical). The particular pattern
which indicates viability has to be worked out in advance for each
species and skill is needed in interpreting the result. The test
takes longer than a germination test to prepare and evaluate
(although the result is obtained sooner) and in many cases is not as
reliable, but it may have to be used when dormancy is an

insuperable problem.

A test on a sample of seed from an accession designed to estimate
the percentage viability of the accession. Where dormancy would
interfere with the result of a germination test special treatments
are given to remove dormancy, or a topographical tetrazolium test
may sometimes be used. In forestry a viability test is often

synenymous with a tetrazolium test.
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viable seed A seed which is alive and capable of germination when set to
germinate, providing it has lost dormancy. Seeds which do not
germinate when given sufficient time to do so in a germination

test are either dormant or non-viable.

working collection See active collection.
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[Underlined page numbers refer to definition in Glossary]

Accession 89
containers, see also Hermetic containers, 2
distribution 1, 3, 14
documentation {, 2
evaluation 1, 2, 3
monitoring 2, 3, 62, 91
multiplication 1, 21
regeneration 1, 2, 3, 14, 60, 62, 92
retrieval from deep-freeze cabinets §1-83
security 1, 7, 1%, 16, 17, 18, 82
size 3, 6, 21-36, g9
Ad hoc Seed Storage Committee (1981) (v}, 3, 13,
20
Ageing, see Seed ageing
Air-change rate 11, 13, 89
Air conditioners, see Drying dehumidifiers
Air curtain 9, 89
Air dry seed 57, 81, 89
Air-lock 8, 9, 10, 13, 89
Alarms 10, 11, 16
Aluminium foil, properties of 67-69 .
Ambient (external) environment 2, 11, 48, 72, 82,
84, 87, 89

Base collections, see Seed collections
Breeder's working collections, see Seed coliections

Building, to house genetic resource centre 15, 16,
74

Charcoal 1
Cleavage damage of soyabean seed 53
Cobalt chloride, to indicate rh, 4, 5
Coldroom
air circulation 6, 7, 10, 11, 12, 13
air/water vapour infiltration test 71
damage to as a result of differences in air pres-
sure 9, 12
damage to as a result of vibration .Il
door 9
false floor 7, 10, 71
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INDEX

Coldroom (continued)
heat leak test 72
insulation 7, &, 9, 11, 12, 72, 77-80
relative humidity 9, 13
safety 16-18
shelving 6, 7, 8, 13, 71, 73-75
stanchion 10, 95
telephone 16
thermal mass 12
time constant 11, 12
underfloor heating 7, 10, 13
volume and capacity 6, 7, 8, 73-73
Containers for accessions, see Accession; Hermetic
containers
Costs
capital 3, 6, 7, 8, 9, 12, 13, 15, 16, 54, 73, 74,
77-80, 81, 84, 85
operating 2, 3, 5, 9, 11, 75, 77-80, 81, 82, 85

Deep-freeze cabinets 81-84
Defrosting, see Refrigeration
Dehumidifiers, see Drying
Dehydration, see Drying
De-rating equipment specification 10, 11, 90
Desiccation injury, see Drying damage to seed
Desorption, see Drying
Deterioration of seed, see Seed ageing
Documentation of accessions, see Accession
Dormancy 21

primary 93

secondary 52,-_9_&

Drying, see also Moisture

damage to seed at Jow moisture contents 3, 52, 53
dehumidifiers %, 5, 8, 9, 11, 13, 53-55, 80, 88, 90

dehydration agents 3, 4

desorption 41, 42

hot-air 4, 52

limiting damage to seed viability, see Seed ageing
Nomograms 49-50

rate 5, 45-53




Drying (continuéd)
recalcitrant seed |
recommendations #-5, 33-54
room 4, 5, 8, 12, 13, 14, 16, 53, 71, 87, 88
seed moisture content determination, see Moisture
time, see rate
two-stage 5, 52, 53, 54, 88
ventilation 5, 46-49, 53, 54-55
Duplicate collections, see Seed coliections

Dust extractor 88

Earthquake damage to modular coldrcoms 9
Electricity supply
battery power supply {1, 12, 16
current (locked rotor) 11, 90
load 11, 17, 78, 82, 85
standby generator 8, 11, 12, 77, 84, 85 h
voltage fluctuations 10, 11, 18
Emergency doors 17
Emergency shower 15
Enthalpy 38-39, 91
Equipment for seed laboratory 14, 15

Fire fighting equipment 17
Freezing injury 1, &

Frost heave 10, pal
Fumigation 14

Fungi 52

Fungicide 1

General purpose storage rooms 15, 16, 87
Genetic changes in storage, see Seed ageing
Genetic resources centre 91
collections 1, 2
layout 7, 11, 13, |4, 15, 16, 17, 87-88
least cost operation 9, 75, 77-80
location 1, 18
Germination 91
empty seeds, see X-ray detection of,
hard seeds 53, 92
sequential probability ratio test 62, 63, 95
test 14, 92
time of 57
Glossary 89-96
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Hard seeds, see Germination
Hermetic containers
glass 5, 62, 67
laminated aluminium foil packets 5, 6,62, 67-69
92
metal 5, 6, 62, 67
preferred storage conditions 2
waterproof labelling 41
Humidification of seed 15, 52, 53

Imbibition injury, see Drying damage to seed; Humi-
dification of seed
Insects 52

Insulation, see Coldroom

Laminated aluminium foil packets, see Hermetic con-

tainers
Lighting 13, 16, 17
emergency 11, 16, 17

Long-term storage, see Seed storage

Machinery room 11, 15, 17

Medium-term storage, see Seed storage

Mites 52

Modular coldroom - drying room - packaging room
complex 13

Moisture
absorption 41, 42, 54, 89
adsorption 54, 89
condensation and_dewpoint temperature 2, 9, 10, 13
41, 55, 82
content of air 37-41, 55
content of seeds 1, 2, 3, %, 14, 55, 56, 65, 06, 93
control of seed moisture content 2, 3
determination of seed moisture content 65-66
effect on seed weight and volume 21, 56
equilibrium seed moisture content 2, 3, 5, 41-31, 91
hygroscopic characteristics of seeds 2, 41-51
hysteresis 41, 42
ingress into coldroom 9, 71, 85
limitations of viability equations at high meisture
contents 22
preferred storage conditions 2
psychrometer 13



Moisture {continued)
psychrometry and psychrometric charts 13, 37-41
relative humidity 2, 3, 4, 37, 94

1, 2, 3, 57-64

saturated vapour pressure 37-41, 94

response of seed longevity to

vapour pressure nomogram 40
Monitoring

temperature, see Temperature

viability of seeds, see Accession

Multiplication, see Accession

Natural rock cold stores 85
Nomograms, see Drying nomograms
Nornographs, see Seed viability nomographs

Offices 15, 87, 88
Qil content of seeds 42-44
Orthodox seed, see Seed classification
Oxygen 1, 52-60
Packaging materials, see Hermetic containers
Packaging room 13, 14, 62
Planning a genetic resources centre, see Genetic
resources centre
flow diagram 87~88
Polyethylene 1, 67-69
Polythene, see Polyethylene
Portable cold stores 84-85
Preferred storage conditions, see Seed storage
Priority for action, IBPGR, 21-36
Protective clothing 13, 16, 83, 84

Psychrometry, see Moisture

Recalcitrant seed, see Seed classification
Refrigeration
air cooler 6, 10, 11, 71, 89
air conditioners, see Drying dehumidifiers
capacity of a refrigeration unit 71, 90
coefficient of performance 78, 30
condensing unit 10, 90
consequences of failure 2, 12
81, 82, 90
dehumidifiers, see Drying
duty 91

defrosting 10,
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Refrigeration {continued)
evaporator 10, 11, 55, 39t
hermetically-sealed compressor unit 92 ,
hermetically-sealed refrigeration system 10, 92
least cost, see Genetic resources centre
load 392
open unit 16, 93
refrigerant 10, |1, 12, 16, 94
semi-hermetic motor compressor unit 95
standby unit (duplication of refrigeration} &, 11, 77,
80 :
vapour compression based cycles 10
Regeneration, see Accession
Relative humidity, see Coldroom; Moisture
Rust 5, 2 '

Safety, see Coldroom

Sawdust |

Security of accessions, see Accession
Seed ageing

deterioration 1,57-64, 87-88
during drying 48, 5 , 52

longevity 1, 2, 3, &, 57-b4
genetic damage 57
genetic selection 62

Seed classification

orthodox seeds t, 2, 21-36, 93
problems of 1, 21
recalcitrant seed 1, 21-36, 94

Seed cleaning 14, 15, 87

Seed collections

active collection 1, 2, 3, B89

base collection 1, 2, 3, 20

breedérs' working collection 2, 90

duplicate collection 1, 2, 91

working collection 96

Seed containers, see Accession; Hermetic containers
Seed
Seed
Seed
Seed
Seed
Seed
Seed

deterioration, see Seed ageing
health 14, 15

laboratory 14, 15
longevity, see Seed ageing; Viability
lot 94

moisture content, see Moisture

size, see Seed volume; Seed weight
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Seed size (continued)
effect on drying rate 45-49
Seed storage
containers, see Hermetic containers
hermetic storage 92
in Jiquid nitrogen 3
long-term storage of orthodox seeds 1, 2, 3, 10,
77-80, 92
long-term storage of recalcitrant seeds 1, 90
medium-term storage of orthodox seeds 2, 3, 9, 10
80, 85, 89, 92
medium-term storage of recalcitrant seeds 1, 94
preferred storage conditions, see also Moisture;
Temperature, 93
short-term storage of recalcitrant seeds 1
Seed viability nomographs 58-61
Seed volume 6, 21-36
Seed weight 21-36
Sequential probability ratio test, see Germination
Shelving, see Coldroom
Short-term storage, see Seed storage
Silica gel &, 5, 54-55
Species, list of, 22-36
Specific volume 138-40
Stacks 75, 95
Storage
behaviour of seeds, see Seed classification
of consumable materjals, see General purpose
storage rooms
of fuel 11
of seeds, see Seed storage

Temperature
air conditioners, see Drying dehumidifiers
chilling factor II,_92, 94
chilling injury 1, 94
control, see also Refrigeration, 11
dew-point temperature 5, 13, 38-41
dry-bulb 13, 38, 39, 40 )
effect on equilibrium seed moisture content/
relative humidity relationship 41
effect on probit viability during drying 48, 51, 48
effect on seed drying rate 45-49
evaporative cooling 51, 55

Temperature {continued)
freezing injury 1, 52
liquid nitrogen 3, 12
monitoring 10, 12, 84
preferred storage conditions 2, 3-
prevention of damage to seed by insects, mitesand
fungi 52
response of seed longevity to 1, 2, 3, 12, 57-63
wet-bulb 13, 37, 39, 40
wet-bulb depression 37
Tenders 7, 80
Thermal conductivity 10, 77, 78, 80, 85, 95

Vacuum sealing of seeds in hermetic containers 60
Viability '
monitoring accessions for viability, see Accessions
seed viability nomographs 2, 58-61
survival period 1, 57-63
test 95
topographical tetrazolium test 935
viable seed 96

Working collections, see Seed collections
Working Party, 1976, (v), 2, 3, 19

X-ray detection of empty seeds 15



