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Abstract

During the last century, the mechanisms and classification of seed dormancy types were elaborated considerably. New information was obtained on physiological dormancy (PD) and especially on nondeep PD. PD was shown to be caused by a special physiological mechanism of growth inhibition (PIM). Annual cycles of the nondeep PD state of buried seeds (dormant ↔ nondormant) were reported, and conditions for breaking morphophysiological dormancy of different types were identified. It was shown that not only seed germination, but also embryo development, are governed by the PIM. Formulae for the various types of seed dormancy were devised, and these have revised/updated several times.
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Preface
Dr. Marianna G. Nikolaeva is a Russian seed biologist of world renown, who has made significant contributions to the ecology, physiology, classification and evolution of seed dormancy (see Nikolaeva, 2004).  A most unique contribution of Dr. Nikolaeva to seed science is her detailed seed dormancy classification scheme, first published in 1967 [1969], in which she uses both names and formulae (or symbols) for the various types of dormancy.  In 2001, she published a paper (in Russian) in the Russian Journal of Botany, which (1) summarized some of her work, as well as that of others, on seed physiology, ecology and evolution, (2) updated her classification scheme and (3) related the types of physiological dormancy to climatic characteristics and biogeographic regions.


Dr. Nikolaeva kindly sent us an English translation of this paper, to which we have made minor editorial changes.  We, along with Dr. Marc Cohn, editor of Seed Science Research, think it would be of considerable interest to seed biologists. Thus, with Dr. Nikolaeva’s permission, the slightly modified English translation of her paper is being made available to seed biologists via the ISSS Website.
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Introduction
Seeds are the most important and often the only means of reproduction and dissemination of plants. Thus, seeds are responsible for the survival (continuation) of vegetation on Earth, and, of course, they are widely used by man. Naturally, a wealth of literature is devoted to investigations of different aspects of seed germination. Among these, much attention has been given to their remarkable ability to be in a state of dormancy.

The inability to germinate under favorable conditions is related either to the properties of the seeds themselves (organic dormancy), or to lack of favorable environmental conditions (imposed dormancy). The ability of seeds to be in dormancy prevents premature seedling emergence on the one hand, and on the other hand it promotes formation of a seed reserve in the soil, which provides conservation of the plant’s genetic variability. Along with this, dormancy in seeds of many economically important plants causes great problems. Hence, it is clear that research on seed germination is of crucial importance.

During the last century, and especially in recent decades, many publications have appeared that were devoted to investigations of different aspects of seed dormancy. The aim of this paper is to give an overview of the development of research on organic seed dormancy, especially physiological dormancy (PD), which is widely distributed in nature. First, it is necessary to elaborate upon the results of studies of the nature of the various types of PD, and second to call attention to the ecological role of this phenomenon, which, unfortunately, has not been sufficiently realized until now.

Seed dormancy and classification of dormancy types
As information on seed dormancy accumulated, it became more and more clear that the causes of lack of seed germination are very different and that conditions for breaking dormancy are correspondingly different. Naturally, a necessity arose to sort out these causes. One of the first attempts at classification of the observed diversity of the types of dormancy was made by W. Crocker in 1916 (Crocker, 1948). He distinguished seven types of seed dormancy with regard to their causes: 1) underdevelopment of the embryo; 2) impermeability of the seed coat to water; 3) mechanical resistance of covers; 4) low gas permeability of covers; 5) dormancy of the embryo itself, connected with existence of a metabolic block; 6) combined dormancy; and 7) secondary dormancy. Crocker’s distinction of these seven kinds of seed dormancy was an important stimulus to continue research in this direction.

A more detailed classification was proposed by M. G. Nikolaeva (1967 [1969]). This classification was developed on the basis of an extensive amount of data that had accumulated, including many collected in the author’s own investigations. The delimitation of the types of organic dormancy was based on the connection between the cause of dormancy and the conditions for breaking it. In her system, Nikolaeva sorted out a diversity of dormancy-related factors in order to have a more solid foundation for delimitation of its types. This, in turn, facilitated elaboration of ways of storage and germination of dormant seeds.

Nikolaeva was the first person to use both names and numerical symbols for types of dormancy (e.g., Nikolaeva, 1967 [1969], 1977). These symbols, or formulas, were further developed, and they facilitated understanding of the interrelations of different dormancy types. Her classification system distinguished three broad groups of dormancy types: exogenous, endogenous and combined. The first group, exogenous dormancy (A), is related to properties of the external seed covers (pericarp and/or seedcoat); dormancy is broken under the influence of diverse physical agents. Included in this group are physical (Aph), chemical (Ach) and mechanical (Am) dormancy.

The second group, endogenous dormancy (B and C), includes morphological dormancy (B), physiological dormancy (C) and the two joined together (B-C).  Morphological dormancy is caused by underdevelopment of the embryo, and it usually is broken under conditions of warm stratification.  There are a number of types of PD, and these are related to a special physiological state of the embryo that differs in depth: deep (C3), intermediate (C2) and nondeep (C1).  Physiological dormancy usually has been associated with decreased gas permeability of embryo covers; the embryo itself was not assumed to be dormant. Revelation of the physiological nature of nondeep PD, which is most widespread type of dormancy in nature, was of fundamental importance in realizing its role and significance in plant life. Assigned to the types of PD also were the cases in which PD was united with underdevelopment of the embryo and with epicotyl and double dormancy (B-C). Later, Nikolaeva (1977) separated all these cases into a special series of types of morphophysiological dormancy (MPD). Her combined dormancy included types of dormancy caused by a combination of both exogenous and endogenous seed properties, e.g. mechanical and physiological dormancy and physical and physiological dormancy.

An important contribution in elaboration of the problem of seed dormancy was made by C. C. Baskin and J. M. Baskin (1998). They used the classification system by Nikolaeva (1977) as a basis for a critical analysis and specification of seed dormancy. In particular, they reasonably questioned whether the chemical and mechanical types of dormancy are insufficiently grounded. Along with this, they extended considerably our knowledge of the nature of PD and of MPD.

Physiological dormancy
As already mentioned, types of PD (Table 1) according to Nikolaeva (1967 [1969], 1977) and Baskin and Baskin (1998) differ in depth. Duration of cold stratification and response of seeds to dry storage and to treatment with GA (usually GA3) were used as indicators of the depth of dormancy. Peculiarities of PD are manifested most clearly by deep and intermediate dormancy.

Seeds with deep dormancy, C3 (e.g. species of Malus, Sorbus, some species of Acer and a number of other species), need a long stratification (1.5–3 months or more at 0–3°C). Neither GA3 nor dry storage can replace the necessity for cold stratification of these seeds, and even their embryos released (isolated) from their covers do not grow normally. However, GA3 treatment of seeds with deep dormancy does extend the range of stratification temperatures for dormancy break to 5–6ºC and sometimes to 10°C (Impatiens parviflora), and it stimulates the growth of isolated embryos as well.

Seeds with dormancy intermediate in depth, C2 (e.g. Fraxinus lanceolata, Acer negundo and some other species), come out of dormancy under the influence of shorter periods of cold stratification ((1–1.5 months). In some species (Polygonum convolvulus, Stachys alpina), treatment with GA3 replaces the need for cold stratification. Embryos from seeds with intermediate dormancy usually grow successfully and form normal seedlings. Breakage of nondeep PD (C1) takes place under the influence of a short-term cold stratification period, dry storage, treatment with GA3 and some other treatments.

The analysis of germination conditions for deeply or intermediately dormant seeds allowed Nikolaeva (1967 [1969], 1977) to formulate the idea that PD was caused by a special physiological state of the embryo and by a decreased gas permeability of covers, i.e. by action of a double, or so called physiological, germination inhibiting mechanism (PIM) of different strength. There is no doubt that deep PD is caused by action of a strong PIM and intermediate PD by a medium-strong PIM. It is proposed, accordingly, that nondeep PD of seeds (C1) in most species is also related to PIM action. It is important to note that this state of PD is a reversible phenomenon. Under certain conditions, nondormant seeds come to a state of induced or secondary dormancy, which is analogous to nondeep PD (Nikolaeva, 1977; Nikolaeva et al., 1999).

A very essential statement made by Baskin and Baskin (1998) was that seeds of a number of species, most notably winter annuals,  cannot come out of nondeep PD under the influence of cold stratification. To break dormancy in these species, it is necessary to subject the seeds to higher temperatures for several weeks or even months. Thus, for example, seeds of Draba verna, Holosteum umbellatum and Lamium species came out of the dormancy most successfully at higher temperatures (e.g. 30/15ºC).  In relation to these data, a question arose about existence of different subtypes of nondeep PD (Table 1).

On the nature of nondeep physiological dormancy 
 The idea that deep and intermediate PD are related to an action of the double inhibiting mechanism (PIM) is well grounded. However, participation of this mechanism in the breaking of nondeep PD by cold stratification (C1a, Table 1) is not so obvious at first sight. In this context, a necessity arises to analyze data on participation of certain parts of the seed in such dormancy.

Importance of the role of tissues surrounding the embryo (endosperm, seed coat and other structures) in inhibition of germination is undoubted. However, the causes of their inhibiting effect may be diverse: presence of inhibitors and/or preventing their leaching from the embryo, decreased gas permeability and mechanical restriction of embryo growth.  Irrespective of the causes for inhibition of seed germination by covers, it is necessary to estimate the degree of their inhibiting effect, or more precisely of the growth potential of the embryo that is required to overcome this inhibition. Direct estimation of the inhibiting action of the covers was made for seeds of ash (Finch-Savage and Clay, 1995) using a special device for measuring mechanical power. However, growth activity of the embryo necessary to overcome the cover resistance often is estimated by means of their germination in osmoticum solutions (Blumenthal et al., 1986, quoted after Baskin, Baskin, 1998).

The question has arisen as to how factors that promote seed dormancy break can affect the state of the covers, primarily that of the endosperm, which immediately surrounds the embryo and thus presents the most significant hindrance to its growth. Available evidence indicates that breaking of seed dormancy is accompanied by certain changes of the endosperm, namely its softening due to lysis of tissues. These changes may appear under the influence of external factors promoting seed dormancy break, and they also may be caused by a signal from the embryo. They are observed as early as before the beginning of the embryo growth (e.g. in lilac, lettuce and tobacco seeds). Endosperm softening is undoubtedly due to hydrolytic enzymes in the endosperm at the time of seed dormancy break, e.g. endo-β-mannanase, mannohydrolase, α-galactosidase and some others (Bewley and Black, 1994; Bewley, 1997).

Data on activation of enzymes in the endosperm at the time of seed dormancy-break, as well as other information about enzyme activity in connection with breaking PD in seeds of various plants (Flemion, 1933; Yankelevich and Nikolaeva, 1975; Bekker and Nikolaeva, 1984; Polyakova et al., 1986 and others) lead to the opinion that both deep and nondeep PD are primarily related to a low activity of the enzyme system. Its activation takes place under the effect of cold stratification.

The question of the nature of the nondeep PD being broken at increased temperature (C1b, Table 1) still remains to be solved. However, it is presumably also related to the state of the embryo.

Morphophysiological dormancy
The nature of germination of seeds with MPD is one of the most complicated and still little investigated problems. There are eight types of MPD (Table 2).  It generally was believed that breaking MPD of seeds proceeded, as a rule, in two stages. First, postdevelopment of their embryo occurs, usually at warm temperatures, less often at decreased temperatures; and after that breaking of PD of various depths takes place. However, the analysis of numerous published data and original observations on conditions of germination of seeds in MPD led Baskin and Baskin (1998) to a very important conclusion. They found that not only seed germination but also postdevelopment of the embryo are controlled by the PIM of various strengths. In other words, seeds with various types of MPD come out of dormancy in at least three stages instead of two. First, the state of PD of different depths (depending on the type of MPD) has to be broken, and only then does the embryo gain capacity for postdevelopment. Upon completion of this process, the seeds themselves are able to come out of PD, which also is of different depths, depending on the species. In accordance with this new knowledge, the necessity has arisen to revise the formulas for different types of MPD.

Data about conditions for breaking the state of MPD in different types by seeds presented in a book by Baskin and Baskin (1998) and a number of recently published papers (Walck et al., 1999; Baskin et al., 2000; Hidayati et al., 2000a, b) are discussed below. Seeds with a nondeep simple MPD (B–C1, according to the classification by Nikolaeva, 1977) are typical of Paeonia californica, Corydalis flavula, Chaerophyllum tainturieri and some other plants. It is shown with an example of C. tainturieri, whose seeds mature in spring, that postdevelopment of the embryo, and then germination as well, cannot begin until autumn, because during summer at  temperatures of 20–35°C the embryo has to come out of the nondeep PD of the C1b subtype, and consequently to gain the capacity for postdevelopment. However, the process of postdevelopment itself may occur only at sufficiently high temperature and upon exposure to light. Following completion of embryo postdevelopment, seed germination may begin. However, if conditions are not favorable for growth of an embryo that has come out of dormancy (e.g. decreased autumn temperature or absence of light for seeds buried in soil), then embryo postdevelopment will not occur; consequently, the seeds will not germinate. As a result, the embryo will re-enter the nondeep state of PD.  Thus, embryos of such seeds will come out of dormancy only during the next summer, and its postdevelopment will take place in the next autumn, if temperature and light are not limiting. Gibberellins (GA) stimulate germination of seeds with MPD of this type. Thus, the type of nondeep simple MPD is more correctly formulated as C1bB–C1b.

Other conditions are necessary for germination of seeds in deep simple MPD (B–C3). The conditions for germination of such seeds have been studied in the most detail in Jeffersonia diphylla. Presumably, they are subjected to the action of two physiological mechanisms that differ in strength. The embryo is controlled by nondeep PD C1b, and its postdevelopment cannot start until this dormancy is broken during summer at warm temperatures (e.g. 30/15ºC). Postdevelopment itself occurs in autumn (October-December), at lower temperatures (15/6, 20/10°C). However, in order for seeds to gain the capacity for germination they then must be subjected to a long period of cold (about 5°C) stratification, during which they come out of deep PD. GA3 can stimulate the breaking of nondeep PD of seeds (more precisely of their embryos).  Thus, this plant hormone can replace the warm stratification requirement, but it can neither eliminate the necessity for cold stratification nor stimulate the seed to germinate. Thus, the correct formula for such type should be C1bB–C3. Using information in the literature, Baskin and Baskin (1998) assigned the same type of MPD to seeds of Panax species and a number of Fraxinus species (F. excelsior, F. nigra, F. mandshurica), and according to data of Hidayati et al. (2000b) two American species of Sambucus also have this type of dormancy.
Analysis of published data (Barton, 1944) and numerous original observations led Baskin and Baskin (1998) to the conclusion that seeds with epicotyl dormancy have both epicotyl and root growth controlled by the PIM, i.e. seed germination is controlled by two physiological mechanisms that differ in strength. In such seeds sown in early August, the radicle emerges as late as November, i.e. after quite a long warm period. Consequently, it is in nondeep PD C1b. The epicotyl does not begin to grow until the next spring, following a cold stratification period in winter of at least 4 weeks. Epicotyl dormancy usually is deep.  For example, seeds of Hydrophyllum macrophyllum should have the formula of such dormancy type: C1bB(root)–C3(epicotyl). In seeds of some species, however, epicotyl dormancy may be intermediate PD or even nondeep PD, as evidenced by the response of seeds (e.g. in Paeonia suffruticosa and Viburnum trilobum) to GA3 treatment. 

To break the dormancy of seeds with deep simple double MPD (some species of Polygonatum and Trillium and of Convallaria majalis), two periods of cold stratification are necessary. During the first one, the state of deep PD of the root is overcome, and in spring the root begins to grow, i.e. the seeds germinate. But the same state of deep PD of the epicotyl will be broken only during the next winter and only after the root system of the seedling develops sufficiently during the summer. Thus, its formula should be C3B(root)–C3(epicotyl), instead of B–C3d (Table 2).  

Far less studied are conditions for breaking of complex MPD of various types. To break nondeep complex MPD (BC–C1), for example in seeds of Osmorhiza longistylis, a combination of warm (30/15°C) stratification for at least 6 to 8 weeks and then influence of cold (5°C) is necessary. Under these conditions, the embryo starts growing. After 14 weeks of exposure to cold, 70-80% of the seeds germinate. The necessity of both warm and cold stratification, as well as the possibility of replacing the warm treatment with GA3, indicate that embryo growth is controlled by nondeep PD C1b (probably in combination with C1a), i.e. its formula should be C1a,1bB–C1a.

Seeds with complex intermediate MPD (Trollius species, as well as the European species Sambucus racemosa) and deep complex MPD (Frasera caroliniensis, Heracleum sphondylium, Anthriscus sylvestris and species of Fritillaria, Tulipa, etc.) come out of dormancy only under the influence of cold. Whereas in intermediate dormancy cold stratification may be replaced by treatment with GA, such a treatment does not affect deeply dormant seeds. Thus, both embryo postdevelopment and germination in seeds with dormancy of these types are controlled by action of a medium or strong physiological mechanism, i.e. C2B–C2 or C3B–C3.

Role of plant hormones in seed germination
The widespread idea up to the present has been that organic seed dormancy is related first and foremost to ABA and that germination is stimulated mainly by GA (Bewley and Black, 1994 and others).  Meanwhile, data published in the literature and results from investigations conducted in the Komarov Botanical Institute, Russian Academy of Sciences, have made a good case for revision of the role and importance of certain plant hormone in the breaking of seed dormancy.  Namely, doubts have been raised about the paramount importance of ABA (Walton, 1980-1981; Nikolaeva, 1993).  Along with this, an important role of IAA has been revealed.  IAA was found in quantity in imbibed seeds under both organic and imposed dormancy (Nikolaeva and Daletskaya, 1963; Nikolaeva, 1977; Nikolaeva et al., 1999).  Both IAA extracted from dormant seeds and the solution of its synthetic preparation were shown to inhibit germination of seeds of various species and to cause physiological dwarfing of the embryo (Nikolaeva et al., 1974).

It also is necessary to expand on some aspects of the action of GA. Numerous works are devoted to the study of the role of this class of plant hormones in the life of seeds, and a fundamental necessity of these hormones for germination is unquestioned. However, peculiarities of their participation in breaking dormancy of different types were beyond researchers’ attention until rather recent time. Studies of T. V. Daletskaya (1985) have shown that both presence and kind of GA are important in breaking seed dormancy. Moreover, the possibility of participation of this class of hormones in seed germination depends on the dormancy state of the seeds. Nondormant seeds contain the necessary GAs or have the capacity for making the appropriate kinds of gibberellins for germination.  Germination of seeds with nondeep or intermediate PD is stimulated by simple treatment with GA3. For seeds with deep PD, such treatment in not sufficient to overcome dormancy. Conditions for GA synthesis and consequently production of the appropriate kinds of GAs to stimulate germination usually take place under cold stratification.

The second important aspect of GA action is their capacity to stimulate postdevelopment of the embryo in seeds with simple MPD, thus to replace the requirement for warm stratification. In some cases, GA3 treatment of seeds with complex MPD stimulates embryo postdevelopment (species of Aralia and Trollius), whereas in others it does not (species of Tulipa, Fritillaria, etc.).

Methodological approaches to studies on the germination ecology of seeds with nondeep physiological and of those with morphophysiological dormancy
Study of the behavior of seeds under different habitat conditions is an extremely complicated theoretical and practical challenge. Naturally, it draws great attention of researchers, though they try to solve it in different ways. In the great majority of works, observations on the seed state in nature are not accompanied by an adequate estimation of their habitat conditions and often are casual. Along with this, the study of germination of seeds from various habitats is quite often conducted under laboratory conditions.  However, even if conditions are controlled to some extent, they are mostly selected without regard to those in the habitat of the species under study. Finally, the life cycles of maternal plants often are not taken into account. All of these circumstances considerably decrease the ecological accuracy of the investigations.

An essential and very important feature of investigations by Baskin and Baskin (1998) are methodological approaches to studies of the ecology of seed germination worked out by these authors. These approaches lie in the combination of observations in nature, experiments on germination of seeds under conditions similar to natural (usually in a cold greenhouse) and laboratory experiments under strictly controlled conditions of various constant and daily changing temperature and light conditions. The second great merit of these authors are studies of the nature of seed germination in plants with different life cycles. Finally, they usually conduct their observations for at least a year, and quite often for several years. Such methodological approaches open ample opportunities for realizing the nature of changes in the state of seeds of different species in natural conditions, including those in soil seed banks.

Using this approach, the authors analyze the germination ecology of seeds with different dormancy types. Interesting, first of all are the results of analysis of the nondeep PD, which represents a very labile and consequently easy state to reverse. The seeds may either be in true nondeep dormancy (D), during which they cannot germinate under common favorable conditions, or in nondeep conditional (“relative”, according to Vegis, 1964) dormancy (CD), i.e. they retain the ability to germinate only at a restricted temperature range. As already noted, under the influence of adequate conditions the seeds readily come out of the dormant state (let us symbolize these seeds as nondormant, ND), and under environmental conditions that prevent germination they readily return to the state of true or of conditional dormancy.

Systematically repeated observations have allowed Baskin and Baskin (1998) to show that seeds of many species with nondeep PD go through annual cycles of state changes that are caused primarily by changes in temperature of the environment: D ↔ ND, CD ↔ ND. The seeds can repeat these cycles many times, until they are in conditions favorable for germination. A pattern of the annual cycle of seeds buried in soil in nature depends considerably on the life cycle of their maternal plants, in particular on the time of seed maturity and dissemination.

Thus, seeds of summer annuals (e.g. Ambrosia artemisiifolia) mature in autumn, come out of nondeep PD during winter, i.e. under action of low temperature, and germinate in spring and/or summer (Table 1, subtype C1a).  Seeds of winter annuals, especially of obligate winter annuals (e.g. Arabidopsis thaliana), on the other hand, usually mature in spring or early summer, and they are at that time in the true or in the conditional state of nondeep PD. Under the influence of high summer temperature (25/15, 35/15, 35/20°C), they come out of dormancy and successfully germinate, if exposed to light. Lower temperatures (5, 15/6°C) prevent the breaking of true dormancy. Seeds in conditional dormancy theoretically could germinate at relatively low temperatures (5–15, 15/6, 20/10°C), but such temperatures practically do not occur during summer in habitats of winter annual species. The seeds, having come out of the dormancy under the influence of the summer warmth, retain their capacity for germination in autumn, unless environmental conditions (absence of light or shortage of water) prevent them from doing so.  However, with the advent of winter, and thus low temperatures, non-germinated seeds (e.g. those buried in soil) enter dormancy again (dormancy subtype C1b).  In response to low temperatures, on the other hand, seeds of facultative winter annuals (e.g. Lamium amplexicaule) lose the ability to germinate at high, but not at low, temperatures.  Thus, in temperate climates seeds have the capacity to germinate in both autumn and spring.

Some species of both summer and winter annuals produce seeds that are in the state of CD. In seeds that have become nondormant, development of CD occurs in late spring or summer in summer annuals and in late autumn or winter in winter annuals. After CD is broken, the seeds may germinate, die or re-enter dormancy or CD.  Some species (e.g. Potentilla recta, Hottonia inflata) with seeds maturing in spring or early summer are in the state of true or of conditional nondeep PD. Dormancy is broken in summer, and the seeds remain in this nondormant state regardless of the cycle of weather conditions. Baskin and Baskin (1998) emphasize that although the main factor responsible for the pattern of cyclic changes in the seed state is temperature, a great role is played by light conditions with respect to whether the nondormant seeds germinate or not. Thus, it is very important that temperature conditions for breaking dormancy be combined with other environmental factors. The cycles of changes of seed states sometimes are observed in perennial plants as well.

Patterns of changes of seed states in plants with different life cycles lead to the suggestion that the nature of nondeep PD of seeds of summer and winter annuals is different. The former come out of dormancy in relation to the action of low temperature, and they re-enter dormancy while temperature is increasing.  In contrast, seed dormancy in winter annuals is of a different type. It is broken under the influence of warmth and induced while temperatures are low.

It is important to note that conditions of germination of seeds with MPD also depend on the phenological cycle of the maternal plants. If seeds with nondeep simple MPD mature in spring (e.g. Corydalis flavula), embryo postdevelopment will become possible only after warm stratification. To compare, seeds of Thalictrum mirabile mature in autumn, and breaking of PD of the embryo occurs at low temperatures, moreover at 1°C rather than at 5(C, instead of at high temperatures (Walck et al., 1999). After cold stratification for at least 1 month, the embryo gains the capacity for postdevelopment and the seeds for germination; but for this species at warm temperatures ((15/6°C). GA3 stimulates seed germination in some species by replacing the warm requirement, but in Thalictrum seeds it does so by replacing the cold requirement. Experiments show that seeds with these dormancy types buried in soil can repeatedly go into and out of such dormancy but never germinate until postdevelopment of their embryo occurs.

Peculiarities of seed dormancy in relation to phylogenetic position of plants and their habitat conditions
Only a few authors have paid attention to studies of the relationships of seed properties to taxonomic position of plants. The first serious effort was made by I. V. Grushvitskii (1961). He conducted an analysis in accordance with the taxonomic system of A. L. Takhtajan (1959) and showed that seeds with an underdeveloped embryo are typical primarily of primitive groups of plants, though they also may be found in a number of advanced taxa.

Much later, investigation of seed properties in relation to taxonomic position of plants was made by Baskin and Baskin (1998), using the system of Takhtajan (1980). Nearly at the same time, dependence of physiological peculiarities of seeds on taxonomic position of plants in large taxa was studied by Nikolaeva (1999) in accordance with the system of Takhtajan (1986, 1987). Her analysis revealed that evolution of seed properties in both angiospermous and gymnospermous plants occurs in parallel in many respects. In particular, she showed that embryo underdevelopment is typical of primitive taxa of the both angiosperms (e.g. the subclasses Magnoliidae, Ranunculidae, Arecidae) and gymnosperms (e.g. Ginkgoaceae), but that it also is observed in certain plant groups in some phyla of advanced taxa. Dormancy related to the action of the PIM may be observed in both angiosperms and gymnosperms, regardless of their position in the taxonomic system. Generally, however, in the most evolutionarily advanced angiosperm families (e.g. Asteraceae, Poaceae), as well as in the gymnosperm family Pinaceae, the seeds have nondeep PD or no dormancy at all.

Along with this, a question arises about the time of appearance of seed dormancy and the period of its evolution in relation to the habitat conditions of plants. An item of special interest is the analysis of occurrence and evolution of types of PD in relation to climatic characteristics and biogeographic regions (Baskin and Baskin, 1998). The results of this analysis are summarized in a reduced scheme in Table 3. It follows from the table that in regions with a temperate climate, as a result of cooling, a flora has formed with most plants possessing types of PD that vary in depth.  Such dormancy is broken under the influence of cold stratification, and in cases of deep and intermediate PD seeds germinate at low temperatures.  Seeds with nondeep PD, on the other hand, can germinate over a wide range of temperature, but preferably at lower temperature (PD types C1a, C2, C3). Meanwhile, species with seeds that have nondeep PD of the C1b subtype have appeared in hotter areas (warm deserts, matorral, tropical savannas). Dormancy break occurs at high temperatures, while temperature conditions favorable for germination depend on wet periods. Thus, in deserts and in matorral germination takes place during wet winters at low temperature or at a wide temperature range and in tropical savannas in the rainy season. The distinction made by Baskin and Baskin (1998) of five subtypes of nondeep PD (Table 3, № 1–5) is evidence of the great lability of such dormancy. The validity of such “fractioning” is a subject of a special discussion.

Conditions of plant habitats also have a significant influence on the peculiarities of germination of seeds with MPD. In particular, the fact that seeds with the underdeveloped embryo of such tropical plants as Zamia and Annona crassiflora germinate only after the warm stratification for many months suggests that they have nondeep simple MPD (Baskin and Baskin, 1998).  In these seeds, the embryo first comes out of nondeep PD, then its postdevelopment occurs and the seeds germinate.

Along with this, data have been appearing that allow us to trace the influence of modern conditions of plant habitats on properties of their seeds. Thus, Nikolaeva (1999) studied preferences of Pinus and Fraxinus species for certain environmental conditions. The analysis showed that seed dormancy of most Pinus species occurring under conditions of relatively mild climate is nondeep, in contrast to species typical of areas with severe habitat conditions. Moreover, properties of seeds within the same species were found to differ with habitat conditions. In particular, this has been shown for Fraxinus excelsior (Nikolaeva and  Vorob’eva, 1978). Seeds of this species represent decreasing embryo size and increasing depth of dormancy, depending on the plant locality from south to north.

Role of physiological dormancy: Primary results
First and foremost, it is important to note that considerable success has been achieved in development of a classification system for seed dormancy. Numerous results have been obtained in studies of PD. Thus, PD clearly is shown to be conditioned by the double or physiological mechanism of inhibition (PIM): decreased embryo activity and inhibiting effect of covers. No doubt, the most important condition for breaking PD of seeds of many plants is cold stratification. In accordance with the duration of cold stratification required to break dormancy, three types of PD are distinguished: deep, intermediate and nondeep, though there are no sharp boundaries between these types.

In particular, considerable success has been achieved in studies of nondeep PD. Analysis of a number of published data and numerous original observations allowed Baskin and Baskin (1998) to advance a radically new view on the nature of nondeep PD. These authors demonstrated that breaking seed dormancy in some species occurs in the cold, while many others, also with nondeep PD, require increased temperature ((15°C) to do so. Moreover, cold induces the dormancy state in such seeds.

Ideas about the variable nature of PD led Baskin and Baskin (1998) to several crucial conclusions. First, they have shown that plants with seeds in PD and requiring cold stratification to come out of dormancy inhabit the temperate zone with cold winters. At the same time, plants with seeds that require increased temperatures to break dormancy occur in the temperate zone as well as in tropical and subtropical zones. Second, they showed that in nature, in particular, seeds in the soil seed bank undergo annual cycles of nondeep PD state changes (D ↔ ND), which reflect seasonal changes in temperature of the environment. Peculiarities of these cycles in a greater or lesser degree depend on the life cycle of maternal plants. Third, sufficiently grounded is the idea of Baskin and Baskin (1998) that not only germination, but also capacity of the embryo for postdevelopment in seeds with MPD, is controlled by the PIM. It follows, then, that this mechanism controls both the germination process and the seed postdevelopment process.

To summarize, investigations of seed dormancy carried out in the 20th century have extended considerably our knowledge on this complicated problem. In addition to their scientific importance, the new ideas that were obtained make an important contribution to working out practical recommendations on seed storage and germination.
Future research 

At present, a comprehensive extension of studies of ecological aspects of seed germination is of great importance in relation to both environmental conditions and life forms of the plants. Along with this, a detailed investigation of the physiological and biochemical nature of the PIM is necessary. Especially important are studies of the phenomenon of decreased activity of the embryos in dormant seeds and of the role of temperature (both low and high) in stimulating this activity. This is especially crucial for our insight into the nature of various subtypes of the nondeep PD.
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Table 1. Types and subtypes of physiological dormancy (PD) (Nikolaeva, 1977; Baskin and Baskin, 1998). CS, cold stratification; WS, warm stratification; DSt, dry storage; response to GA and DSt:  +, positive;  (, poor;  –, no response;  tº, temperature.

	Types and subtypes of PD
	Formula
	Conditions
	Examples

	
	
	of dormancy break
	of dormancy induction
	

	Nondeep PD
	
	
	
	

	subtype a
	C1a
	Short CS

GA +   DSt +
	Increased tº
	Impatiens balsamina, Betula species

	subtype b
	C1b
	WS

GA +   DSt ?
	Low tº
	Arabidopsis thaliana

	Intermediate PD
	C2
	Longer CS

GA (   DSt (
	Increased tº
	Fraxinus lanceolata

	Deep PD
	C3
	Long CS

GA –, (   DSt –
	the same
	Impatiens parviflora


Table 2.  Types of morphophysiological dormancy (MPD) and conditions for embryo postdevelopment and seed germination (Nikolaeva, 1977; Baskin and Baskin, 1998). 

Stratification: W, warm; C, cold; effect of GA3: +, present; –, absent; *, GA replaces W but not C.

	Types of MPD
	Formula of MPD type

(after Nikolaeva)
	Stratification conditions for
	Effect of GA3

	
	1977
	2001
	embryo post-development
	seed germination
	

	Simple
	
	
	
	
	

	nondeep
	B–C1
	C1bB–C1b
	W
	W
	+

	intermediate
	B–C2
	C1bB–C2
	W
	W+C
	+

	deep
	B–C3
	C1bB–C3
	W
	W+C
	+*

	deep (epicotyl)
	B–C3e
	C1bB(root)–C3(epicotyl)
	W
	W+C
	

	deep (double)
	B–C3d
	C3B(root)–C3(epicotyl)
	C
	C+W+C
	

	Complex
	
	
	
	
	

	nondeep
	BC–C1
	C1a,1bB–C1a
	W+C
	W+C
	+*

	intermediate
	BC–C2
	C2B–C2
	C
	C
	+

	deep
	BC–C3
	C3B–C3
	C
	C
	–


Table 3.  Proposed biogeographic relations of physiological dormancy (PD)

(after Baskin, Baskin, 1998, Fig. 12. 23). GA, gibberellins (response: +, positive; (, weak; –, none); tº, temperature; C, cold; W, warm; matorral, region with sclerophyllous vegetation.  № 1-5 refer to the five types of nondeep PD (Baskin and Baskin, 2004)

	Biogeographic regions
	Types of PD and subtypes of NPD (№)
	Conditions of

	Name
	Characteristic
	Name
	Formula (see Table 1)
	going out of dormancy
	germination

	Temperate
	Summer warm, wet;

Winter cold, wet
	Deep PD
	C3
	C
	Low tº

GA –, (

	Temperate
	The same
	Intermediate PD
	C2
	C
	Low tº

GA (, +

	Temperate
	The same
	Nondeep PD, № 2
	C1a
	C
	Wide range of tº

GA +

	Matorral
	Summer hot, dry

Winter cool, wet
	The same,

№ 1
	C1b
	W
	The same

GA +

	Areas with changeable climate (?)
	Climate fluctuations
	The same,

№ 3
	C1b
	?
	Wide range of tº

	Tropical savannas
	Season wet, rainy;

season warm, dry
	The same,

№ 4
	C1b
	W
	Preferably high tº

	Warm deserts
	Summer hot, dry

Winter with cool wet periods
	The same,

№ 5
	C1b
	W
	Low tº


