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Abstract 

Adaptation of woody plants in changing environment is a key issue of forest ecology. 

Monitoring of plants ontogenesis during introduction to non-native climatic 

environment facilitates identification of mechanisms by which these plants respond 

to rapidly changing climatic regimes. Our observation shows that Siberian fir 

pollination in the arboretum occurs earlier than in its stands found near Krasnoyarsk 

town. The pollen sampled from fifteen trees growing in the arboretum varied in 

viability (in vitro % germination and pollen tube length) and size among the years of 

observation depending on individual tree characteristics and on a specific annual 

weather conditions. Observed Siberian fir responses to the changed environment (i.e. 

to the conditions at the Forest Arboretum) can be considered as a more general 

model of species adaptation to climate changes. 

 

 

Background 

Siberian fir (Abies sibirica Ledeb.) has a vast range of adaptation including 

northeastern European Russia, the Ural Mountains and Siberia [1]. However, its 

distribution is extremely uneven within this area. Over 90% of the fir forests occur 

where average annual precipitation exceeds 600 mm, particularly in the eastern 

edge of West Siberian Lowland, the Urals, and mountains of Southern Siberia.  

Siberian fir is well adapted to a fairly humid, moderately cold and to a certain extent 

continental climate [2]. Many species are known to form its climatic ecotypes 

(climotypes) in the course of their adaptation to local conditions: air temperature, 

relative humidity and day length [3]. Even slight changes of air temperature and 

relative humidity can have significant effects on woody plant growth, ontogenesis 

and reproductive system.  

Due to the fact that major survival control in plants is highly susceptible to 

environmental changes [4, 5], investigation on the adaptation of reproductive 

processes in plants to changing environmental conditions is crucially important. In 

this respect, botanical gardens are very important, because they provide valuable 

information on any species and climotypes attempted to be conserved in situ. For 

example, one of our previous studies of meiosis in Siberian fir trees growing in the 

forest arboretum of Sukachev Institute, Russia, showed that climatic changes 

triggered physiological changes in plants mainly those related to meiosis [6]. These 

disturbances presumably lead to high fir pollen sterility in this new environment.  
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In this study we have investigated the in vitro pollen viability in Siberian fir trees 

growing in the forest arboretum of Sukachev Institute of Forest, Russia. 

 

 

Materials and Methods 

This 4-year (2002–2004 and 2011) study addressed pollen viability in Siberian fir 

trees planted in the forest arboretum of V.N. Sukachev Institute of Forest. The 

arboretum is located in Akademgorodok, at the wildland/Krasnoyarsk town 

interface, on a terrace (275 m a.s.l.) on the left bank of Yenisei river, in extremely 

continental climate (average annual temperature = 0.8°C). Weather information 

provided by Krasnoyarsk Weather Service showed that April and May air 

temperatures in 2002 and 2003 were similar to their average multi-year values, 

whereas the 2004 spring came 7–12 days later than usual and in 2011 late frosts 

occurred [7, 8]. Despite its proximity to Krasnoyarsk, the arboretum is not affected 

by industrial pollution, as it is situated outside the prevailing industrial emission 

transfer. 

Siberian fir saplings were transferred to the arboretum in 1977 from the forest 

nursery of Siberian Institute of Fruit Growing (Barnaul, Altai) situated in a 

moderately continental climate (average annual temperature = 4.0°C). They were 

grown from seeds collected from natural stands of Siberian fir forests of the Altai 

region. Only vigorously growing fir trees were sampled for pollen in the arboretum.  

Developing pollen cones of Siberian fir were collected at the dormancy stage (in 

October), at intervals of 1-3 days during the pollen development period (from late 

April to mid-May) and at the time of pollination (late May). Samples were fixed in 

ethanol mixed with acetic acid at a ratio of 3:1 for one day after their appropriate 

trimming or dissection. Then they were dehydrated in a xylene-ethanol series 

[9], embedded in paraffin tissueprep, sectioned at 6- -

haemotoxylin. A part of samples was transferred to 70% ethanol and stained with 

acetohematoxylin. More than thirteen thousands of developing pollen grains were 

tested using Micromed-2 microscope. The pollen collected from 15 sample trees in 

the arboretum was analyzed for viability (in vitro % germination and pollen tube 

length, in mcm) and size (two perpendicular diameters of body, and length and 

height of air sacs, mcm). Up to 300 pollen grains were analyzed per each tree 

sample. STATISTICA 7.0 [10] was used to calculate descriptive statistics including the 

standard deviations and the confidence levels of the differences. 

 

 

Results 

Pollen-cone development.  The development of Siberian fir pollen cones lasts 12 months- 

from late June till the end of May. Pollen-cone buds differentiate from axillary buds that 

are initiated in axils of leaves on the sides and lower surfaces of the shoots (Figure 1). 

The pollen cones of Siberian fir trees occurred in clusters (up to 35 cones in a cluster). 

Each pollen cone in a cluster arose in a leaf axil and was sessile. The pollen buds became 

noticeable at the end of June – beginning of July and developed until early October since 

when they became completely enclosed by imbricate scales (in Krasnoyarsk). In most 

sample trees, there were both well-developed pollen cones and latent pollen- buds in 
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various proportions (Figure 2). The latent pollen buds were mainly located close to the 

shoot tops. 

The pollen cones were made up of large numbers of spirally arranged bisporangiate 

microsporophylls. All microsporophylls were initiated during the first month of pollen 

bud development. Sporogenous tissue in microsporangia was formed during August. In 

the end of August, microsporangia in sample fir trees increased to be 212 147mcm in 

size. They stay dormant at the premeiotic stage of the pollen mother cells (PMC), with 

tapetal cells remaining uninucleate (Figure 3a).  

Pollen buds in sample trees resumed to grow in mid-April and developed during the 

month of May (Table 1). The pollen cones collected on 23
th

 of April, in two years of 

observation (2003-2004) contained PMC at early meiosis stages (Figure 3b). Meiosis 

took place in PMC in late April-early May and exhibited multiple irregularities [6]. Early 

microspores were initially angular and gradually became orbicular (Figure 3c). They 

formed air sacs and grew in size during the next ten days after meiosis (Figure 4). After 

air sacs formation, the haploid microspore cells experienced three unequal divisions 

leading to formation of two small lens-shaped prothallial cells on the microspore 

proximal side as a result of the first two divisions, and a small generative and a large 

tube cells from the last division (Figure 3d-g). Typically Siberian fir pollen grains have 

two large symmetrical air sacs, however, our study indicates the occurrence of 

pollen grains having either no air sacs, or one, three, and four air sacs (Figure 3i-k). 

Sample trees contained also few five-cell pollen grains; with the cells including a 

stalk cell adjacent to two prothallial cells, a tube cell, and a body cell (Figure 3h). 

Irregular pollen grains made up less than 1% of all pollen produced annually by each 

tree. 

Pollen size. The pollen grain size varied considerably among sample trees (Table 2). 

Mature pollen grain variability in diameter was 5-12% among the years of 

observation, 12-21% among fir trees, and 4-12.7% in individual trees, with the 

respective ranges being 4-9%, 9-13.5%, and 2.6-9.3% for air sac size. It should be 

noted that the mature pollen grains from the arboretum were practically the same 

size as in lowland natural populations and a little bit larger than in mountain fir 

populations located in the vicinity of Krasnoyarsk town.  

Pollination and pollen quality. Pollination in sample Siberian fir trees occurred in the last 

week of May, which was few days earlier compared to the natural populations in the 

vicinity of Krasnoyarsk town, and lasted for about 6-8 days depending on weather 

conditions (Figure 5).  

In vitro pollen viability varied among the years of observations depending on each 

sample tree characteristics and weather conditions (Figures 6, 7). In 2002, pollen 

viability and tube length varied from 0% to 89.2% and from 25.1 to 75.4 mcm, 

respectively, among sample trees (50.8% and 55.9 7.36 mcm, ±SE, on the average). 

In 2003, the corresponding values were 0-20% (16.8% on average) and 31.0-82.5 mcm 

and (41.4±4.00mcm, ±SE). The 2004 and 2011 pollen germination on the culture 

medium varied from 34.4% to 96% among sample trees (52.8 and 81.2%, on average 

respectively), and the average pollen tube length was 140.0±6.03 and 90.3±4.12 

mcm, (±SE) and even up to 184.8 mcm in certain trees. The pollen viability did not 

correlate with meiotic irregularities. Although the correlation coefficient was quite 

high (r=0.7), its level of confidence was low. Therefore, pollen viability was presumed 

to be controlled by weather conditions rather than by meiotic irregularities. For 
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example, the late frost in 2011 might result in a certain pollen tube length 

shortening. 

We presumed that low pollen quality and quantity caused low seed quality in the 

arboretum. Our study showed that the seed production of Siberian fir in the 

arboretum was lower than in natural fir populations (Table 3), the reason of 

observed difference in seed production still remains to be investigated. 

 

 

Discussion 

Several studies have documented the strong effect of climate on various 

phenological events of conifers, such as cone initiation, flowering, pollination, seed 

development and germination success [11-16]. It has been recognized that the 

phenology varied within species at different elevations and latitudes [17]. Woody 

plants adapted to different climates and formed different climotypes. The plant 

homeostasis decreases when environmental conditions become non-optimal for 

climotypes, which is often the case in plant introduction. Provenance trials have 

shown that southern and western climotypes begin to grow at lower air temperature 

and their seasonal developmental stages are shifted to an earlier time and to lower 

accumulated temperature, as compared to northern and eastern climotypes [3]. This 

shifting was likely a course of the developmental disturbances and low pollen quality 

in sample trees especially during the first two years of observation. Trees are 

sensitive to changing conditions at the juvenile stage of ontogeny and at the 

beginning of the reproductive stage, when sporo- and gametogenesis are becoming 

adapted to different air temperature and light regimes [18]. The microsporogenesis 

duration and the time needed for the pollen grains to develop in sample Siberian fir 

trees are largely controlled by spring air temperatures [6]. In sample trees however 

pollen development clearly tend to begin earlier and to occur at a lower rate than 

natural lowland fir populations. As a result the fir pollen quality in the arboretum was 

significantly lower than in natural sites. The western fir climotypes growing in the 

arboretum have been obviously damaged by light morning frosts in late spring at 

microsporogenesis and pollen development stages. 

We believe that cold spells occurring in spring should be considered in evaluating 

environmental changes which influence fir trees. Fir trees suffer from spring frosts at 

the bud bursting stage [19]. Hak and Russell [20] concluded that temperature 

extremes, both low and high, have a negative effect on the pattern of meiotic cell 

division with the consequence of irregularities or pollen sterility. Although the 

specific features of meiosis identified in the arboretum indicated low tolerance of 

the male reproductive structures in sample trees to climatic changes [6], the pollen 

viability did not correlate with meiotic irregularities and depended mainly on 

weather conditions during pollen development. Meiotic irregularities are eliminated 

during interkinesis stages and have little impact on pollen viability [21].  

Climatic conditions affect many of the vital processes in plants [22-27]. Our study 

shows that these conditions significantly influence pollen bud quantity. In years with 

weather conditions favourable for pollen-bud differentiation, most leaves in sample 

trees contained axillary pollen buds. Conversely, weather conditions unfavourable for 

pollen-bud differentiation, resulted in development of smaller latent buds in leaf axis 

leading this way to decrease in pollen production. It has been shown [20] that lack of a 
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high quality pollen at pollination time may be one of the principal factors responsible 

for the failure of seed gardens to produce sufficient quantities of viable seed. Seed 

cone receptivity and pollen shedding are highly synchronized within each fir-tree [17, 

28]. The earlier start of reproductive development in sample trees might prevent cross-

pollination with natural population individuals. There is also a high probability of sample 

fir trees self-pollination, as natural populations are more than 6 km away from 

arboretum and fir pollen is usually dispersed to fairly short distances. In some conifers, 

self-pollination is an important cause of empty seeds [29, 30].  

Pollen is considered to be viable when it exhibits high germination and when pollen 

tubes are equal or twice the hydrated pollen grain diameter [20]. Although pollen 

viability in fir trees generally depends on weather conditions of a given year, the 

pollen viability varies considerably between sample trees within one and the same 

year of observation. These variations in the pollen viability were obviously due to 

certain differences in genotype and capability of adaptation to the environment 

between sample individuals. These differences should be considered while breeding 

highly-fertile trees. 

 

 

Conclusions 

Monitoring ontogenesis of the fir plants in a non-native climatic environment, such 

as in the Forest arboretum, will provide insights into climatic effects on the 

individual- and population-scale characteristics of Siberian fir-trees and will enable to 

identify mechanisms by which these plants respond to rapidly changing climate 

regimes. Sexual reproduction of Siberian fir adapted to cold climates and short 

growing seasons may be reduced if the fir grows a warmer climate at lower 

elevations, and if the growing seasons is longer. Selective survival of the tree 

genotypes adapted to a warming climate will enhance currently observed decrease 

in Siberian fir population diversity, especially in the mountains, where the fir dieback 

is a large-scale phenomenon nowadays. Climate differences between high-elevation 

natural Siberian fir stands and low-elevation seed gardens might be a major factor 

accounting for Siberian fir seed viability reduction. Our study also showed that, for 

effective ex situ conservation of woody species seeds should be collected from local 

natural populations, and subsequently tested for quality using cytological and 

genetic techniques prior to planting. 
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Table 1.  Durations of A. sibirica microsporogenesis and pollen development in 
arboretum 
 

Date Stage of development 

Apr. 23, 2002-2003, 2011,  
May 5, 2004 

Pollen mother cell (PMC) 

Apr. 23,24-May 6, 2002-2003, 2011  
Apr. 24-May 13, 2004 

Meiosis of PMC 

Apr. 26-May 8, 2002  
Apr. 27-May 13, 2003, 2011 
May5-11, 2004 

Formation of tetrads 

May 6-11, 2002, 2004 
Apr.25-May 8, 2003,2011 

Free microspores without air sacs 

May 6-11, 2002, 
Apr.28-May 13, 2003, 2011 
May 5 -11, 2004 

Free microspores with two air sacs 

May 7-14, 2002-2003, 2011 
May 17, 2004 

Uninucleate microspore with large 
vacuole 

May 12 2002-2003, 2011, May 23, 2004 Matured pollen grains 

 
 
Table 2. Abies sibirica pollen size, mcm 
 

Year 
Body Air sacs 

diameter1 diameter2 length height 

2002 
79 1.9 

12.2 
84 1.8 

10.7 
46 1.2 

13.1 
67 1.9 

13.9 

2003 
76 2.0 

5.2 
74 3.7 

10.0 
44 1.1 

4.8 
61 2.0 

6.5 

2004 
80 2.0 

8.7 
85 1.8 

7.5 
46 1.2 

7.6 
67 1.8 

7.9 

2011 
80 1.8 

7.9 
83 1.6 

7.2 
46 1.1 

9.7 
67 1.8 

8.9 
 
 
Table 3. Seed quality (%) 
 

With embryo Damaged by insects Empty 

18.9 11.4 69.8 
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Figure 1. Abies sibirica shoot bearing pollen bud at meiosis (a) and pollen-

cone at pollination time (b). LB – latent bud, P –pollen cone. 

Figure 2. Average number of pollen strobili per shoots:   – developed pollen 

cones - latent buds.  
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Figure 3. Pollen development and some irregularities: a – dormant 

microsporangia containing PMC, October,1; b- microsporangium containing 

PMC, April, 24; c – young microspores; d- metaphase of first division in pollen 

grain; e – second prothallial cell formation, f – anaphase of third division in 

pollen grain, g – four cells pollen grain; h – five cells pollen grain (2 prothallial 

cells, tube cell, stalk cell, body cell); i -pollen grain with one pollen sacs; j -

pollen grain with four pollen sacs; k -pollen grain with three pollen sac. 

Figure 4. The dynamics of Abies sibirica pollen grains growth, mcm.  

 

b – ---).  
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Figure 6. Abies sibirica pollen germination at the arboretum (column – 

average for tree), %.   

Figure 5. Dates of Abies sibirica pollen development and pollination (bars on the x-axis) 

in relation to mean daily air temperatures in 2002–2004, 2011   
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Figure 7. Abies sibirica pollen tube length at arboretum (column – average for each 

tree), mcm.   


