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Abstract

Developments and accomplishments, mostly since the 1970s, in forest tree seeds are reviewed. What remains unknown, and recommended directions for research during the early years of the new millennium, are discussed. The main focus is on seed production, storage and longevity and seed quality testing and nursery performance. Emphasis is added that although conservation efforts are underway, a 1998 estimate placed 10% of the world's tree species as threatened with extinction

Introduction 

When the decision was made to write this state-of-the-knowledge report on forest tree seeds, it was generally agreed that no one person could produce a meaningful coverage of all the various aspects. What follows, therefore, is based on contributions from several members of the RG who were able to provide expert inputs for one or more topics, although the compiler remains responsible for the veracity of the report. Contributors (acknowledged at the end of the report) generally focused on three main areas: tree seed production, seed storage and longevity, and seed quality, testing and nursery performance. As will be seen, seed storage and longevity is given most attention.

For forest regeneration in general, seeds remain the method of necessity in many countries, and the method of choice in others. Whereas other methods of propagating stock for new forests, such as rooting of vegetative cuttings, and micropropagation techniques, have been (or are being) developed in several countries, they have yet to make a serious impression except for localized use with particular species. During the last decade at least, natural regeneration has regained priority over artificial regeneration in some regions of the world - for example, France and the United. States – and the annual production of seedlings has decreased.

Elsewhere, however, the rate at which forest lands are being logged (or otherwise destroyed) continues to increase, so the need for reforestation and, in some areas afforestation, remains great. Some 20 years ago it was estimated that of the 1.1 thousand million hectares of closed tropical forests, between 10 and 20 million hectares were being lost each year to agriculture, fuelwood cutting, and poorly-managed logging. At the same time, only about 10% of the cut-over area was being renewed in half as long again as it took to cut the forest in the first place. In the year 2000, even if the world's forests are not in the dismal state they were 20 years ago, there is still a lot of catching up needed in forest renewal.

A 1998 assessment placed 10% of the world's trees to be threatened with extinction, so conservation efforts must be increased also. The Millennium Seed Bank project at the Royal Botanic Gardens Kew, in the United Kingdom, aims at conserving 10% of the world's flowering plants (primarily from tropical drylands) by 2010 and it is expected that a significant proportion of the world's trees will be included, The need for better supplies of tree seeds is expected to greatly increase, thus creating the demand for increased research efforts. For tropical regions, this demand will be driven by increased pressures on wood supplies for general use, an outcome of rising populations. In the temperate zones, especially in Europe and North America, the need will be driven by a greater acceptance of "green" values that reject the use of clonal plantations, especially those involving genetic manipulations. The dependence on natural regeneration that this trend will create may not produce the desired results (especially with non-timber species) so artificial regeneration will have to take up the slack. Because it will take time for this change to occur in temperate regions, tropical tree seed supply becomes the more pressing problem.

Seed Production

Because most forest tree seeds come from wild plants, unlike agriculture where varieties of plants have been bred to fulfill special requirements, production remains highly erratic. For some temperate conifers relationships between seed crops and environmental conditions have been worked out and methods of advance forecasting of good crops developed. However; there are no cost-effective methods for stimulating seed production on demand in natural stands, Even when heavy cone or fruit crops do occur, large proportions of the seeds may not have developed properly and may be dead and/or empty because of poor pollination or other causes; late frosts may cause total abortion of female strobili. No methodologies of controlling insect and fungal infestations in natural stands have been devised and these pests often take considerable toll. Insects may totally destroy seed crops in certain areas of the world, particularly in poor crop years. As examples, some tree species such as the Mediterranean Aleppo pine (Pinus halepensis) in Israel suffers heavily from attacks of the pine bast scale (Matsuccocus josephi); while Greek provenances are more resistant then Israeli, more research is needed to find provenances that will tolerate this insect even better. Another Mediterranean example is Cupressus sempervirens that suffers from attacks of two fungal diseases, Seiridiuin cardinale and Diplodia pinea, and more-resistant provenances must be found. Perhaps this might be resolved along the same lines as for the white pine blister rust (Cronartium ribicola) disease in North America, considerable progress on which has been obtained through the selection of resistant trees and breeding programmes. A Century or so ago, Eucalyptus species were introduced from Australia to Israel and other parts of the Mediterranean region, and 40 species have adapted very well to the semi-arid and arid conditions. One, Eucalyptus cladocalyx, is outstanding for its spectacular growth rate, straight stems and high wood quality, but it flowers very infrequently, and produces only few seeds with poor germinability. This problem is not unique with this species in Israel, but occurs also in its native range. There are probably scores of other species such as E. cladocalyx, all requiring research to solve similar poor-flowering problems encountered by foresters.

To achieve maximum germinability and seedling vigour, tree seeds have to be collected at their peak physiological maturity. Some, like the firs (Abies), the cones of which disintegrate as maturity is approached, must be collected pre-maturely, then allowed a period of post-harvest ripening to reach maximum germinability. Examples of other species with similar requirements include Cinnamomum philippenense, Machilus kusanoi, Neolitsea accuminatissima and N konishi. In contrast, seed yield and quality in lodgepole pine (Pinus contorta) from serotinous cones up to 15 years old are not affected by cone age.

Seed orchards and other forms of seed production areas have been developed for many economically-important forest species, a strategy that also permits some level of control over the gene base from which the new forest will be developed. While this strategy promises to provide increasing proportions of seeds for reforestation in countries able to use this approach intensively, it is still in its infancy in other parts of the globe. Through broadly-based collaborative efforts in some areas such as Central America (Honduras, Guatemala, El Salvador, Nicaragua, Costa Rica, Panama and the Dominican Republic), advances in species selection, production of genetically- and physiologically-improved seeds (and intensive silvicultural management) have been made, and are continuing.

In most countries significant problems occur at some, if not most, stages in artificial regeneration of forests from seeds. Management of natural regeneration is hampered in many cases by a poor understanding of tree seed biology. Weed seed characteristics are frequently better understood than those of trees because greater and more enduring research efforts have been directed at controlling weeds in food crops.

Processing methods and technologies for forest tree seeds have improved considerably. Cone scorching (at 220°C) has been successfully used on serotinous cones of lodgepole pine (Pinus contorta) to significantly increase extraction yields, but precise timing (to no more than 95 seconds) is needed to avoid seed damage. Conventional seed extraction methods can also inflict serious damage if seeds are not removed from the high-temperature kiln immediately upon being released by the cones. For many coniferous species, processes now permit very high levels, often approaching 100%, of filled seeds to be retained.

But there are no widely used methods for separating live healthy seeds from unproductive ones. The imbibition/incubation-drying-separation technique developed in Sweden is used (under patent) in several countries, particularly North America, for separating live filled seeds from dead ones of some coniferous species, but it application to angiosperm and other tree species is not known and may be non​existent. Other flotation methods, some involving solvents that may be physiologically damaging to the seeds, have been introduced for local use only.

Seed storage

The erratic nature of forest tree seed crop production requires that seeds collected in a good crop year must be stored at least until another good crop occurs. Depending on their storage behaviour, approximately 30 years ago seeds were classified as "orthodox" or "recalcitrant". A decade or so ago it was determined that there were forest seeds - such as those of Coffea arabica, Carica papaya, Elaeis quinensis, and some sources of Swietenia macrophylla - with behavioural characteristics in between these two groups, and these have become known as "intermediate". Many other species have since been identified as also belonging to this intermediate category. Categorizing seeds in terms of their pre- and post-harvest physiology remains a grey area, although some of the features that need to be investigated are known. Seed source may play a significant role; for example, Caribbean sources of Swietenia macrophylla behave in an orthodox (or at least sub-orthodox) manner. A Cuban report indicates seeds of this species can be dried to 5% moisture content (MC) and cold stored, i.e., orthodox behaviour. Elsewhere, most lots of mahogany seeds are known to keep well at room temperature for 3-4 months.

Currently, "orthodox" and "recalcitrant" are viewed as the extremes of a continuum; and terminology appears to be moving away from "recalcitrant" to "non-orthodox". It is now generally agreed that orthodox seeds are those that, after shedding, can withstand drying to low levels (not below —5% MC on a fresh weight basis), that can be chilled to below freezing temperatures (--20°C), and that store predictably in this condition for long periods measured in years, with little loss in viability. Recent work suggests that seeds of temperate orthodox species may be stored for up to up to 50 years if harvested at physiological maturity, properly handled post-harvest, processed and conditioned to low (5​8% MC) and stored in sealed containers at cryogenic temperatures. Under these conditions it has been predicted that not only will viability be retained, but there will be little or no genetic change, that is, all genotypes within the collection will remain represented in the manner they were when the seeds first entered storage.

Non-orthodox/recalcitrant seeds, in contrast, will not tolerate post-shedding dehydration below relatively high MCs, i.e. –30% (not below 70% for some species), can be very sensitive to chilling which causes severe and often rapid damage, do not behave in a predictable manner in defined storage conditions and, in fact, cannot be stored long enough to be of practical value. Because whole seed moisture levels can differ greatly from that of the embryo or embryonic axis, the latter is a more preferable measure of MC for non-orthodox seeds. Intermediate seeds withstand some dehydration to fairly low MCs, some to 77-10%, but are damaged if dried lower (without a substantial loss of viability); they can be cold stored for some time, but lose viability over several weeks to months. Seeds in the intermediate category typically have shorter life spans than seeds of crop species at the same MC, but the reasons for this are not known.

Research on the phenomenon of desiccation tolerance in seeds of forest trees (and other plants) continues to gain momentum. However, if whatever sustains viability in dehydrated seeds is to be understood, the interaction of a complex suite of mechanisms and processes, many newly discovered, that operate at the cell level and each of which confers a degree of tolerance, needs to be resolved as an integrated system. The significance of this can be expressed by the fact that (a) not all orthodox seeds are equally desiccation tolerant, and (b) more than 70% of high value tree species from sub-tropical and wet tropical forest ecosystems produce seeds with recalcitrant or intermediate storage behaviour.

Seeds of temperate trees such as oak (Quercus), chestnuts (Aesculus and Castanea) and sycamore (Acer pseudoplatanus) are also highly perishable. Until recently, most could be stored only over very short time scales (weeks to months) without significant deterioration. More than 20 years ago the irregularity of fructification in oaks (which cover 41% of the forests of France) presented long-term storage challenges so that nurseries could be provided every year. Research has developed storage protocols that allow regular, large-scale commercial storage of acorns for 2 or 3 winters, by integrating dormancy breaking with the storage process. These protocols were recently (1997) improved, with the finding that "artificial frost hardening" applied prior to storage lowers the storage temperature, thus limiting acorn metabolism, However, acorns remain sensitive to chilling injury. The involvement of sugars and antioxidants in the tolerance of acorns to low temperatures is being investigated. Other oaks, such as those in the Mediterranean region (Quercus calliprinus, Q. boisseri, Q. ithaburensis), as well as styrax (Styrax officinalis), have yet to be studied. Seeds with high lipid contents, such as walnut (Juglans) and hickory (Carya) also have "sub-orthodox" storage behaviour. Many of these species tend to produce large seeds and, because of their perishability once removed from the parent tree, they are among the most expensive on a live-seed basis.

The technology of storing seeds of many gymnosperms has been intensively researched and the requirements are well understood in many cases. While a majority of coniferous seeds with high lipid content are orthodox, others are not and perish very quickly, for example some fir (Abies) species; seed source, timing of collection and post-harvest handling might account for such inconsistencies. Seeds of cedars (Cedrus libani, C. atlantica, C. deodara) and     (Cupressaceae) also perish quickly in storage. The reasons for this are unknown, What is known about orthodox vis-a-vis non-orthodox forest tree seeds is summarized as follows.

Several features related to desiccation tolerance have been established. Cells must be able to withstand the physical stresses imposed by extreme water loss. Large fluid-filled vacuoles appear to be incompatible, so these become subdivided and filled with insoluble substances, and intracellular sites accumulate reserves such as starch and lipid. Lipid bodies must not become confluent when tissues are dehydrated; such confluency may be prevented by the presence of specialized proteins, oleosins, that completely surround the lipid body. Although some damage does accumulate in desiccation-tolerant seeds during dehydration, the supporting intracellular skeletons must be capable of re-assembly, i.e. repair, in an orderly manner once rehydration begins, and the chromatin must assume a conformation that protects against dehydration stresses. Two important phenomena that occur as orthodox  desiccation tolerant) seeds enter the maturation drying phase are the de-differentiation of organelles and the minimization of membrane surfaces, accompanied by a concomitant suspension, or "switching-off', of metabolism. Orthodox seeds also accumulate intracellular, putatively-protective substances - including late embryonic abundant (LEA) proteins, sucrose and certain oligosaccharides or galactosyl cylitols, and particular amphipathic molecules - that are thought to play a major role in sustaining the cells in the desiccated state.

Some or all of these features may be absent, or incompletely expressed, in non‑

orthodox /recalcitrant seeds. Even when the compounds mentioned above are present, they have been found to be ineffectual in recalcitrant seeds because severe dehydration damage occurs at water contents much higher than those at which they would become effective. This is likely related to the fact that the organelles of recalcitrant seeds remain differentiated, and that cells remain actively metabolic, leaving them vulnerable to dehydration; in effect, these seeds normally continue development that grades into germination. Thus, dehydration of recalcitrant seeds results in metabolic imbalances, which may lead to the uncontrolled generation of free radicals that would precipitate a cascade of oxidation events – unless efficient anti-oxidant systems operate. The lack of several different components, or their smooth operation, in such systems may underlie desiccation sensitivity in recalcitrant seeds.

Not only are there enormous differences in water content range among mature recalcitrant seeds of different species, but also marked differences in the degree of dehydration tolerated. These latter are a function of the time taken for water to be lost and, in turn, are related to the conditions promoting dehydration, and how readily the seeds of different species lose water, i.e., a function of their composition and developmental status. Desiccation rate may affect both immediate post-harvest viability as well as subsequent storage life of recalcitrant seeds. Recalcitrant seeds lose viability at high MCs when dehydration is slow, termed metabolism-related damage because it is believed to be the result of imbalanced metabolism. Currently, the intracellular repair mechanisms that operate in orthodox seeds are not known in recalcitrant seeds. However, very small axes from recalcitrant seeds can withstand a surprising degree of water loss – they lose viability in the dry state as a result of desiccation damage sensu strictu.. Such "flash-dried" axes provide the starting point for cryopreservation, currently the only option for allowing long-term conservation of the genetic resources producing recalcitrant seeds. Yet not all recalcitrant seeds appear to be alike: in some oaks (notably Quercus nigra), rate of drying has no effect on the outcome, and seed viability is lost whether the acorns are dried slowly or rapidly.

One complicating factor is that some non-orthodox seeds of temperate species, again such as oaks, are less damaged by chilling, while other oaks of tropical origin may suffer lethal injury if chilled. For moist recalcitrant seeds, differences among species in susceptibility to chilling damage can be confirmed by determining the "base temperature", a physiological parameter relating to the theoretical value at which zero growth occurs. For example, a low "base temperature" is expected if germinability decreases relatively slowly as germination temperature is reduced. From controlled-desiccation studies, lowest safe moisture contents (LSMCs), defined as the MC below which viability is lost on drying, have been determined; LSMCs for recalcitrant seeds vary between 26% and 50%.

Unlike agricultural and horticultural crops for which seed longevity can be predicted at different MCs and temperature regimes using mathematical formulae, longevity of tree seeds in industrial storage conditions remains largely empirical. Research using accelerated ageing methods has revealed potentially-different deterioration rates in a mixture of seeds from different parent trees, indicating that in some species certain genotypes may be lost if the seeds are stored for long periods. However, few predictors of seed longevity under standard storage conditions have been developed. Seedlots of European beech (Fagus sylvatica) and oak (Quercus) have been classified according to their ability to withstand accelerated ageing as a means of predicting which lots have the best chances to support long​term storage, or dormancy-breaking, before going into storage. These predictions are to be confirmed after 6 years of natural ageing under controlled conditions in which the seeds are held in a non-dormant state (see also Seed Testing). Predicting natural storage life from accelerated ageing trials is an area of research that requires a long-term (a decade or two) commitment, something that most research managers currently are reluctant to provide. However, it is growing in importance.

Data on seed survival equations of the Ellis-Roberts variety are slowly accumulating for orthodox tree species, both temperate and tropical, and show little difference in the coefficients among species (except for some oily seeds). In a recently-reported (1999) study, no strong relationship was found between lipid content of the embryo and storage tissues with moisture coefficients in five tree genera (Pinus [two species], Liquidambar, Platanus, Fraxinus and Corms), although such a relationship has been suggested in other studies. Viability equations for seeds of more than a dozen tree (temperate and tropical) species have been formulated. Some of these have been developed in the comprehensive studies involving seed viability constants for orthodox seeds, including the largest known seed with orthodox characteristics, Hyphaene thebaica, underway at the Royal Botanic Gardens Kew. Modeling of seed dormancy loss and germination, using cardinal temperatures and thermal time models (in Quercus, Castanea and Aesculus hippocastanum), is also being undertaken at Kew, as are studies involving the application of the rapid drying methodology pioneered with oil palm embryos to other species such as Quercus, and combining this with cryopreservation.

Whereas survival equations are moot in terms of operational forestry for temperate species because of the wealth of availability of good cold-storage facilities, such facilities are hard to find in tropical areas. However, survival curves have considerable implications for long-term storage for germplasm conservation for both temperate and tropical species, and provide a potential for improving seed stocks of widely-planted species such as teak.

One other complicating factor is that dormancy, not unknown in temperate non-orthodox seeds, is rarely encountered in tropical species. Even in an orthodox species such as white spruce (Picea glauca), dormancy may vary among individual trees in a stand, between stands in a region, between regions, and from one crop year to the next. Seeds of eastern white pine (Pinus strobus) and white spruce are known to become more deeply-dormant when stored at -18°C (or lower) for more than 6 months. Thus, although seeds of orthodox species may be relatively straightforward where storage is concerned, nevertheless they present a different complex of problems for the reforestation manager.

When all things are taken into account, recalcitrance may be the ancestral condition, which could explain why most humid tropical forest climax species produce recalcitrant seeds. As well as unravelling the mysteries of desiccation tolerance, future studies should continue to focus on the relationship between harvest condition, post-harvest handling and desiccation tolerance, and a better understanding of chilling injury. Thus more research is needed on seed source effects, collection timing and post-harvesting handling, and how these aid or hamper storability. Results may aid also in monitoring/predicting seed deterioration in natural seed banks with the view of improving the chances of successfully managing natural regeneration. A major research aim must be the determination of optimum moisture and temperature conditions, and the development of improved protocols for difficult-to-store materials, for both operational forestry and germplasm conservation.

Seed testing and quality.  assurance

Germination testing, particularly of forest tree seeds, appears to be stuck in time, with little in the way of new test methodology emerging. For easy-to-germinate seeds there is no cause for alarm, but this does not bode well for deeply dormant seeds. Dormant seeds, although alive, fully mature and perfectly healthy, do not germinate when presented with ample moisture, good aeration, and suitable temperature and light conditions. Many temperate tree species produce seeds that are dormant, requiring some form of pretreatment, or chilling in an imbibed state (likened to an artificial wintering) before they are sown, In some species it is known that proper chilling minimizes adverse effects of seed maturity, as well as those caused by poor handling and processing, besides increasing germination speed and uniformity. Recently, moist chilling has been shown to activate natural repair mechanisms in acceleratedly-aged seeds of black spruce (Picea mariana) and white spruce (Picea glauca).

However, effective chilling treatments are not known for all species. Some examples include Lebanon cedar (Cedrus libani) and Styrax officinalis in the Mediterranean, as well as the North American western white pine (Pinus monticola), yellow-cedar (Chamaecyparis nootkatensis), white ash  (Fraxinus americana) and basswood (Tilia americana). For some species, treatments are effective only on some seedlots, or a small proportion of the seeds in a particular lot. Even "good" pretreatments are often awkward to apply, requiring months or longer to complete - for example, Crataegus aronia and C. azarolus in the Mediterranean - and frequent monitoring. While the effects of chilling duration and temperature (usually just above freezing) were studied extensively 50 years ago, the effect of seed moisture level during treatment was largely ignored. It is now well established that control of seed moisture content during chilling not only produces optimal germination speed and completeness, but allows some seeds to be stored in a non-dormant condition over considerable durations until sown in the nursery.

For beech (Fagus sylvatica), cherry (Prunus avium), ash (Fraxinus excelsior), non-dormant seeds can be stored up to 6 years. It has been established that dormancy in beech nuts involves a glycine rich protein (GRP) regulated by ABA and GA3.

For several firs (Abies amabilis, A. grandis, A. lasiocarpa, A. nordmanniana, A. procera), the "stratification-redry" method of chilling seeds at reduced moisture levels to more successfully overcome dormancy is now applied industrially. Anecdotal evidence for other firs (A. fraseri, A. balsamea and A. concolor) also responding very well to this method has been reported. For Abies amabilis and A. grandis, as well as Ponderosa pine (Pinus ponderosa), successful storage in a non-dormant state for 9 months to 1 year was realized more than 20 years ago in the laboratory. Recently it was reported that by employing growth regulators in association with low temperature, Douglas-fir (Pseudotsuga menziesii) seeds can be stored for several years in a non-dormant state at a MC of around 6%, and that LEA proteins and ABA are involved.

Nevertheless, faster and more versatile treatments to overcome seed dormancy would provide several benefits. These include improved determination of seed quality, and better forecasting accuracy of nursery emergence; increased opportunities for adopting precision sowing and containerized-seedling production methods; more consistent production of higher quality nursery stock at lower cost; and greater chances for success using direct-sown seeds. Laboratory germination criteria have been developed that produce significant correlations with nursery emergence for many economically-important forest trees, but more effort - especially at the regional level - is required to extend this to all species, even in more-developed regions of the world. One ultimate research aim must be to widen the knowledge base concerning techniques to enable forest tree seeds to be pretreated, then stored in a dry, or relatively dry, state in a non-dormant condition until needed for sowing - like seeds of crop species.

Subjective seed quality tests, such as tetrazolium (TTZ) staining, hydrogen peroxide tests and x-ray analysis have proven very difficult to standardize and many analysts use them reluctantly. TTZ tests may correlate well with fresh seeds, but overestimate the germinability of stored seeds, for example in beech. Although referred to as "quick tests", because they produce results in a few days or a week or so compared to standard germination tests, these tests require more analyst-hours to complete, so that fewer so-called quick tests can be conducted per week or month. They are more expensive, therefore. For deeply-dormant species, objective tests that do not require actual germination trials of 6 months or more are badly needed.

Current methodologies for tree seed vigour tests have been largely adapted from agricultural/horticultural techniques, and have not been widely successful. The reasons are likely related to the nature of the wild populations of the seed sources, with their extreme variation in stages of maturity, seed coat thickness, dormancy levels, and so on. Even half-sib material from open-pollinated seed orchards shows considerable variation in vigour tests. Some new testing methods are emerging, and they should be thoroughly investigated for use on tree seeds. Measurements of respiratory activity in the embryonic axis in beech, and in whole seeds of subalpine fir (Abies lasiocarpa), as well as protein levels in the fir, have been suggested as possible vigour indices.

Throughout the world, members of the Research Group are in very good positions to make contributions to the diverse work identified above. Although not all nursery, or forest regeneration management, problems are suited to biologists and physiologists, tree seed researchers need to maintain contact with the needs of seedsmen and nurserymen, and other practitioners, while going about their duties in a dedicated manner. As this report illustrates, seed biology is impossible to partition, so there are no absolute regions of study, let alone geo-political boundaries. In essence, we are all in this together,

Some reorganization of the Group may be in order to offer members broader participation at individual levels. The new Research Group Executive may wish to consider the creation of subgroups with specialized interests, such as subject and species units; these subgroups must be well organized and well coordinated, and remain subject to overall Group management. Meetings of such units would identify local leadership, IUFRO involvement, exposure to more institutions, and research needs tailored to address local problems. As well as unit meetings and Group Symposia, our Newsletter remains an important organ of communication. Conversion of the Newsletter to an electronic form for dispersal via the world wide web would vastly increase communication possibilities. Members without internet access will continue to be contacted by regular mailings as at present, Already, a web page has been created for RG 2.09.00, and this State-of-the-Knowledge Report on Forest Tree Seeds will be posted there in due course for all - members and non-members - to read. The Research Group provides a place for all who work with and enjoy the mystique of tree seeds to come together, and because the needs for forest tree seed research and its solutions remains unabated, the Group can offer substantial benefits to forestry worldwide.
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