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ABSTRACT 

Pinus patula in Kenya is an exotic plantation tree species grown for commercial 

production of sawn wood and pulpwood. Propagation is by seed and grafted seedlings or 

cuttings for clonal seed orchards. The conventional way of P. patula seed extraction is by drying 

in beds in direct sunlight. This study was set up to investigate the interactions of cone physical 

characteristics, exposure duration to artificial seed extraction at a fixed extraction temperature 

and the germination temperature on seed release and subsequent seed germination. The 

hypothesis tested was that there was no relationship between cone characteristics, extraction 

exposure duration, seed yield and seed germination performance. Forty-five trees for cone 

collection were systematically selected with a random start from Kamara block, Londiani 

forest. Analysis of the difference in means from the three factor effects from ANOVA was 

performed using R Statistical software. Where significant differences were observed, post hoc 

tests were carried out to separate means using the Tukey test at 5 % significance level. Based 

on the variations in physical attributes and extraction exposure periods, seed extraction 

potential of cones and germination responses of seeds to thermal treatments was determined. 

The lowest mean number of seeds released observed was 28, from light cones, while the highest 

mean was 56 from wide cones. This study showed that for P. patula, cone width had a greater 

significant (p=0.001) influence on the amount of seed release than cone weight. There were 

significant differences (p=001) in germination performance as a result of cone characteristics, 

extraction exposure periods, and germination chamber conditions. Seeds extracted from heavy 

cones and exposed to germination temperature of 32℃ demonstrated the highest germination 

percent at 90% while the lowest was 20% from light cones exposed to similar germination 

temperature conditions. When considering efficiency in mechanized seed extraction, the first 

six hours were shown to be optimum for seed release. Thus, cone sorting for wider cones for 

extraction at 65oC for at least six hours would yield a greater part of the seeds in artificially 

heated timed kilns. Based on this study, foresters and germplasm producers can improve 

protocols for scoring of seed sources based on cone characteristics to infer germination 

potential of P. patula.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the study 

Pines have been introduced to regions outside their native climate niche, particularly to 

regions with cooler, wetter and less seasonal climates (Essl et al., 2011; Sastry et al., 2019). 

Pines are one of the fast growing exotic trees species established for commercial plantation 

development in East and Southern Africa (Owino & Ndinga, 2004; Pinkard & Keenan, 2012). 

In Africa, Pinus species, mostly originating from the American or Asian tropics and sub-tropics 

that are widely cultivated and commonly planted species include P. caribaea, P. elliottii, P. 

greggii, P. kesiya, P. maximinoi, P. patula, P. oocarpa, and P. tecunumanii (Marunda et al., 

2019). Pinus patula is a widely planted species in the world with a geographic range from 

Ecuador to a latitude 31° south in Africa and extending to 42° southern latitude in New Zealand. 

Patula pine (Pinus patula) is a straight bole tree with its origin from Mexico (Perry, 

1992). In Mexico, this species is used for: pulp, sawn timber, veneer and plywood, boxes, pit 

props, sleepers, telegraph poles and construction wood and, ecologically for protection of 

watershed areas as well as for conservation and restoration of degraded soils. It is has a wide 

distribution range including southern and East Africa where it is commercially planted for 

sawmill timber, pulp and floors (Dvorak et al., 2012; Essl et al., 2011). 

The species is mainly planted in African countries but is also used in Australia and Asia 

(Australia, New Zealand, Papua New Guinea, and India) and on a smaller scale South America 

(Argentina, Brazil, Colombia). The total area planted until 1970 was approximately 450,000 

ha. The countries planting the largest areas in this period were South Africa followed by 

Swaziland, Zimbabwe, Kenya, and Madagascar (Nöjd & Isango, 2003) . In Kenya, P.  patula 

represents 27% of plantation species among others such as Cupressus lusitanica and 

Eucalyptus species (Kuria et al., 2019). It has been grown in plantation scale for industrial 

production for pulpwood and sawn wood hence exerting a high demand for seed extraction. 

Sustainable plantation forest production demands a continuous supply of high-quality 

seeds for the production of seedlings in the nursery or for direct sowing. One of the species 

commercially planted is the pines (Aniszewska et al., 2020; Barbour, 2007; Savill, 2019). The 

shortages of tree seeds are happening against a background of high deforestation and low rates 

of tree planting and projected deficits in timber supply (Marunda et al., 2019). This, coupled 

with a growing backlog in tree planting, a limited plantation forest resource, increasing 
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temporarily unplanted areas, potential negative impacts of climate change, and threats of 

diseases and pests, there is an urgent need for regions worldwide to address sustainable 

germplasm production issues (MacDicken et al., 2015; MacDicken, 2015; Miura et al., 2015). 

Seed extraction from pines globally is challenging to the forestry sector (Bhat et al., 

2017; Reyes & Casal, 2001) with most countries using the conventional methods for seed 

extraction from cones which entails drying in beds to facilitate seed release. This is a weather 

dependent process which is particularly slower and less efficient in moist, cool temperate 

climates since  an increase in the atmospheric humidity may cause a reclosing of the cones 

(Willan, 1984). However, in spite of this, it is the most economical, convenient and effective 

method of seed extraction for many cone bearing species as the process in most countries relies 

on natural heat energy from the sun for drying cones in canvas or drying beds. 

Previous studies have reported that pine cones open to release seed through a 

combination of temperature and humidity (Aniszewska, 2013; Reyes & Casal, 2001) which 

varies widely in the pine growing regions of the world. There is scanty literature on P. patula 

seed extraction efficiency with most studies focusing on other pine species (Ayari & Khouja, 

2014; Bilir et al., 2008; Reyes & Casal, 2001; Singh et al., 2017; Wyse et al., 2019). Earlier 

work has also revealed that the primary factor for seed release is the degree of opening (Calvo 

& Nunez, 2000). The degree of opening influences scale deflection for seed release in pines 

which is mostly affected by the underlying conditions; temperature and humidity (Aniszewska 

& Zychowicz, 2020; Harlow et al., 2019). 

In Kenya, P. patula (Plate 1) is the sole pine species used for commercial plantations 

establishment following the withdrawal of P. radiata as a plantation species due to its 

susceptibility to Dothistroma pinii fungal disease. In addition, improvement strategies such as 

establishment of clonal seed orchard for production of quality germplasm has over the years 

been undertaken with selection of superior mother trees based on bole characteristics (Joshi et 

al., 2016; Kokutse et al., 2016; Mbinga et al., 2022). Techniques have been developed for rapid 

extraction of seed through soaking and oven drying for other species and have shown no effect 

on seed quality and germinability (Bhat et al., 2017). Seed processing and handling can 

contribute to the overall seed losses by decrease in viability (Costa et al., 2016). Artificial 

drying encourages seed release and scale opening but the adverse effect of other underlying 

factors such as cone characteristics and extraction exposure periods, on seed quality and 

germinability is yet to be established for P. patula in Kenya. The lack of understanding of these 

effects has led to a combined reduction of available seed which is in high demand for pine 

plantation establishment especially in the highlands, hence the contribution of the study.  
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Plate 1: Photograph of P. patula tree (foreground) and plantation (background- Left) at 

Londiani, Kenya.  

Source: Photograph by Onyango A.A, 24/10/2021. 

1.2. Statement of the problem 

In Kenya, P. patula is grown as a commercial plantation species, hence, a high demand 

for a sustainable supply of quality seeds for direct propagation or raising of seedlings. The 

common practice of P. patula seed extraction in Kenya, entails drying of cones in drying beds 

for fourteen days under the direct sun. Cone collection is a function of season, hence seed 

extraction is limited to specific times of the year. With shorter periods of cone collection and 

longer periods of seed extraction, there is high chance of compromising seed germination. The 

prolonged period also makes the process uneconomical. The narrow periods of harvesting of 

pine cones are also dependent on season. Pinus patula and Cupressus lusitanica are coniferous 

species grown in Kenyan plantations for commercial uses. In coniferous species, the efficiency 

of cone opening relies on the size and shape of the cones as more scale deflection happens to 

cones with circular structure such as C. lusitanica than the tapered ones like P. patula whose 

next to stem part does not open. This explains the advantage C. lusitanica in releasing high 

numbers of seeds and in a shorter period than P. patula. Thus, for P. patula there is need to 
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reduce the extraction time and improve extraction yield in terms of quantity and germination 

performance using artificial heat sources, hence the need for this study. 

1.3 Objectives 

1.3.1 Broad objective 

To determine the effect of Pinus patula cone physical characteristics, exposure period and 

germination temperature on seed release and viability for improved germination performance 

towards achieving sustainable plantation forest development. 

1.3.2 Specific objectives 

i. To determine the effect of cone width and exposure period on seed release. 

ii. To determine the effect of cone weight and exposure period on seed release. 

iii. To analyze the correlations between cone width, exposure periods and germination 

temperature on viability. 

iv. To analyze the correlations between cone weight, exposure periods and germination 

temperature on viability. 

1.4. Hypotheses  

i. H0: Pinus patula cone width and exposure period have no influence on seed release. 

ii. H0: Pinus patula cone weight and exposure period have no influence on seed release. 

iii. H0: There is no correlation between cone width, exposure periods, germination temperature 

and seed viability.  

iv. H0: There is no correlation between cone weight, exposure periods, germination 

temperature and seed viability. 

1.5. Justification of the study 

While seed production data are readily available for agricultural crops, such 

information is generally not available for forest tree seeds. Pinus patula is a priority 

commercial tree species in Kenya, and therefore requires availability of data on seed extraction 

efficiency and germinability. In pine growing regions, many studies have been conducted to 

determine the threshold temperatures for safe seed release in fire prone areas where heat in the 

form of fire facilitates natural regeneration of pine. In the case of pine growing in Kenya, cone 

characteristic based responses to extended extraction periods for optimum seed release and safe 

germination is yet to be documented. This study sought to improve on the extraction practice 

by use of empirical data as a demonstration of the efficiency of artificial seed extraction 

technique that will shorten the extraction time, enhance seed release, and have less or no 

adverse effect on seed yield and germinability parameters of the species. This will further 

enhance the planning processes for seed collection and production especially for germplasm 
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producers. The findings of this study are expected to improve on the existing knowledge and 

procedures of seed extraction from cones by providing new insights into the cone selection 

process which will be beneficial to germplasm users and producers. 

1.6. Scope /Limitations/Assumptions 

1.6.1. Scope 

The cones for seed extraction were collected from a seed orchard in Kamara block of 

Londiani forest. Seed extraction and germination were conducted under laboratory-controlled 

conditions at Kenya Forestry Research Institute, Londiani. This study correlated the cone 

properties (width and weight), extraction exposure periods and germination temperature to seed 

release and seed germination. Germination was the indicator for the assessment of the effect of 

temperature on the embryo of freshly extracted seed. 

1.6.2. Limitations 

Cone and seed production have been attributed to environmental, phenotypic and 

genetic similarities and variations. Reduction in cone and seed production due to climatic 

variations could have potentially affected the availability of cones and seed for this study. There 

could be variations in germination that the study could not prove that the better seed producers 

and performers were from the same mother tree or were otherwise genetically different. The 

experimental design used in this study, factorial completely randomised design, was expected 

to greatly minimise these limitations. 

1.6.3. Assumptions  

It was assumed that environmental and genotypic influences had been greatly reduced 

since the source of cones was a clonal orchard that had been established in a favourable 

ecological region (within the right climatic range and site conditions) for growth and the mother 

trees were superior performing selected trees. 

1.7 Definition of Terms 

Cone – reproduction part that produces seeds in pines 

Conifer - a tree that bears either soft or woody cones  

Cone physical characteristics – cone width and cone weight 

Extraction period - time taken for cone to release seed 

Extraction rate – speed at which a specific number of seeds are released within a given period 

Exposure – contact with conditions of the surrounding 

Resin – plant exudate that seals scales in cones 

Seed cone – female reproductive part  

Seed germination - the process by which plant growth is initiated from a seed into a seedling 
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Seed orchard - plantation established from cuttings of trees or seedlings of known identity 

established for seed production 

Seed quality –physiological soundness and health status of seed 

Serotinous trees - trees whose cones remain closed at maturity only to open in response to 

high temperatures 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

In this chapter, previous findings in relation to the topic under study will be reviewed. 

This includes the reproduction, distribution, use and propagation of pines. Variations in cone 

physical properties and their influence on seed yield will be highlighted. This chapter also 

touches on the advances made in the seed extraction process of coniferous species through 

artificial manipulation of temperature. The chapter also touches on techniques suggested to 

minimize viable seed losses and understanding the seed germination behaviour in relation to 

moisture content. Theoretical and conceptual frameworks will be discussed as well as the 

research gaps. 

2.2 Reproductive biology of conifers 

a) Cone development : Conifer families are broadly classified into Araucariaceae, Cupressaceae, 

Pinaceae, Podocarpaceae, Sciadopityaceae, and Taxaceae (Yang et al., 2022). The 

reproductive structures in conifers are separate: either on the same (monoecy) or different 

plants (dioecy). In monoecious species, pollen and ovulate strobili are often spatially separated. 

Pines are monoecious with pollen strobilli (male) and seed (female) cones borne separately on 

the same tree. Pollen is produced on lower branches and seed-bearing cones on upper branches. 

In most species, these two reproductive parts occur on separate shoots, yet in some species they 

are on the same shoot. The spatial separation of reproductive structures is one of the 

mechanisms in pines that reduce self-fertilization by increasing the chance for seed cones to 

receive pollen from other trees through wind pollination (Neale & Wheeler, 2019).  

b) Fertilization and seed development: The duration required for pines to reach the stage of 

formation of pollen and seed cones varies considerably among species. This ranges from less 

than 10 years (P. attenuata, P. clausa, P. contorta, P. greggii, P. pungens and P. rigida) to over 

30 years (P. flexilis, P. edulis, P. resinosa and P. lambertiana). Species in high fire frequency 

environments most of the time begin their reproduction earlier than others (Fernando, 2014). 

Timing of pollen shed and seed cone receptivity in pines vary but are often offset, with pollen 

shed typically occurring first (by one to several days). Temperature and humidity have been 

shown to influence the pollen maturation and pollen shedding (Nelson et al., 2012). For optimal 

pollination, peak pollen release should coincide with peak seed-cone receptivity. Dichogamy 

occurs when pollen release and receptivity do not coincide. Protandry occurs when peak pollen 

release precedes peak seed-cone receptivity. Protogyny occurs when peak seed-cone receptivity 

precedes peak pollen release. While environmental factors are the major causes of the 
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asynchrony between pollen release and seed cone receptivity, irregular cone production has 

been considered an adaptive trait in harsh growing conditions or periods. It is an assumption 

that irregular cone production is an effective trade-off strategy for resource use and allocation. 

In periods of cone losses, the more resources can be saved for growth and maximised 

reproduction for the abundant years (Goroshkevich et al., 2021; Losada et al., 2019; Redmond 

et al., 2019). 

In lodgepole (Pinus contorta) and loblolly pines (Pinus taeda), unpollinated ovules do 

not continue development and if their number is greater than 80 %, the entire seed cone will 

abort and eventually falls off. This mechanism minimises wastage of food resources in 

sustaining seed cones with lower potential of reproducing future progenies (Bonner, 1987). 

Some pines exhibit masting behaviour. The synchronous production of large seed crop and at 

long intervals by a population of plants is known as masting. Inter-event times of seed (cone) 

production of longleaf pine (Pinus palustris) has been quantitively studied in efforts to 

understand forest dynamics and develop sustainable management strategy. In this analysis 

temporal cone and seed production behaviour was used to characterize longleaf pines seed and 

cones. It was concluded that there exist positive relationships between seed (cone) production 

and inter-event time for longleaf pine (Chen et al., 2021). 

2.3 Importance of pines 

Conifer plantations form the backbone of forestry in many regions of the world (Bravo-

Navas & Sánchez-Romero, 2022; Pinkard & Keenan, 2012). Hence plantation areas are large 

and have rapidly expanded since the beginning of the 20th century (Muhtaman et al., 2000; 

Richardson et al., 1994). In all continents, and for the vast majority of regions, numbers of 

naturalized Pinaceae are higher than those for Cupressaceae. Studies have shown that, across 

the globe, the successful adaptation of conifers is co-determined by factors such as climate 

match, habitat diversity, biogeographic features and introduction effort. These findings 

underpinned the role of climatic suitability as a selective filter for successful adaptation (Essl 

et al., 2011). 

Pine forests are the dominant vegetation in many parts of North America, Europe and 

Asia (Bialobok & Zelawski, 1976; Payn et al., 2015). Pines exhibit a wide range of ecological 

strategies; some species fill early successional roles whereas others are late-successional trees 

(Barbour, 2007; Martínez-Ramos et al., 2016). Many other pine species are planted to 

revegetate disturbed sites, stabilize dunes, for shade and ornament, to provide windbreaks and 

for other purposes such as continuous supplies of raw materials for wood and wood-based 

industries (Ramírez-Mosqueda et al., 2018; Richardson et al., 1994).  
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Pines in the absence of fire are poor in regenerating and often vulnerable to succession 

partly due to their serotinous nature as well as their inability to establish beneath their own 

canopy other than in small canopy gaps (Agne et al., 2022; Haymes & Fox, 2012). This 

explains the advantage that other species have over pine on similar sites, where there is a source 

of seed ready and available for the other forest species unlike the pines.  

Most authors agree that there is a relationship between the production of cones and 

seeds and various tree size measurements, such as total height (Moya et al., 2007), trunk 

diameter (Ayari et al., 2012; Bravo et al., 2017; Ganatsas et al., 2008; Moya et al., 2009; Sutton 

et al., 2002) or both parameters (Moya et al., 2008), in addition to the tree crown size (Ayari et 

al., 2011; Iwaizumi et al., 2008). Other studies have linked, on one hand, tree crown variables 

and cone number, and on the other hand, cone number per tree and seed mass per tree (Ayari 

& Khouja, 2014; Ayari et al., 2012). Yet another study on P. palustris ruled out the use of solely 

tree size as a weak predictor of cone production because according to this study site conditions 

and interactions with neighbouring trees were factors that also contributed to reproductive 

heterogeneity, and thus had to be considered when relating cone production to size (Haymes & 

Fox, 2012). 

In some parts of Africa as elsewhere, the rate of growth of the indigenous tree species 

is low and incapable of meeting the growing demands for wood for the ever-increasing 

population. Therefore, plantations of fast-growing exotic tree species have been established to 

supplement the wood supplies from natural forests  (Keenan et al., 2015; Köhl et al., 2015). 

Pinus patula has been one of the most promising of the exotic coniferous species tried in many 

parts of Southern and Eastern Africa though success is restricted mainly to high altitude areas 

(Adegbehin, 2016; Crous et al, 2009). The species was introduced in South Africa from Mexico 

in 1907 and first raised in plantations in the Natal Midlands at Cedara in 1914 (Nöjd & Isango, 

2003; Saenz-romero & Vargas-Hernandez, 1994). It is likely that plantations of this species 

later raised in Eastern African countries had their seed source from South Africa. The area of 

P. patula plantations as percentage of softwood established up to 1970, was approximately 79% 

for Malawi, 41% for Tanzania, 37% for Uganda and 33% for Kenya. In these countries the 

species is a major source for saw logs, pulp and paper (Adegbehin, 1982) .  

Pinus patula is a straight bole monoecious plant that grows to a height of 30 m or more 

and attains a diameter at breast height (dbh) of up to 1.2 m. It grows in altitude of 1,000-3,000 

m.a.s.l with a mean annual temperature of 10-25°C and a mean annual rainfall of 1,000-2,000 

mm. The common soil features include acidity and good moisture supply. In Kenya, it is found 

on young fertile volcanic soils and on mature leached infertile soils. P. patula produces 
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excellent fuel wood. The species is used in the commercial manufacture of pulp in the paper 

industry and its timber produces wood suitable for particle board manufacture and structural 

building construction (Brister & Fry, 1966; Kuria et al., 2019; Ngugi et al., 2000). In addition, 

when tapped, P. patula yields an oleoresin, which is distilled to give turpentine, and rosin which 

is used in painting and dyeing industries (Orwa et al., 2009).  

2.4 Pine seed production and propagation 

Propagation of P. patula is mainly by seed. P. patula is a serotinous pine and thus 

produces serotinous cones (Orwa et al., 2009). Serotinous cones retain their seeds for one or 

more years following maturity (Lamont et al., 2020; Tapias et al., 2001), with seed release and 

maximum dispersal often occurring in response to an environmental stimulus such as high 

temperature  (Romero & Ganteaume, 2020; Wyse et al., 2019). Examples of other closed cone 

pines that can keep the seed in cone for several seasons only to open after a fire and thus ensure 

regeneration include Pinus halepensis, Pinus radiata, Pinus banksiana, and Pinus brutia 

(Calvo & Nunez, 2000). The hygroscopic nature of woody cones explains the dehiscence 

behaviour which increases with decrease in atmospheric humidity (Aniszewska, 2013; Bae & 

Kim, 2020; Quan et al., 2021).  

Gradual opening of scales is a favourable adaptive feature for the species. This feature 

allows for the availability of seed for germination, regeneration and establishment at a time 

when the environment will give the best chance for survival (Dvorak et al., 2001; Sáenz-

Romero et al., 2011; Saenz-romero & Vargas-Hernandez, 1994; van Zonneveld et al., 2009). 

The gradual release of seeds, available from different periods is a strategy that highly 

encourages survival and expansion of the species in natural regeneration conditions (Duryea, 

1987). Another advantage associated with gradual opening of cones is the increased chances of 

escaping predators (Samano & Tomback, 2003; Tíscar, 2019). Large quantities of seed are 

released in the dry period of the year, when there are high possibilities for contact with the soil. 

The average number of seeds per cone of P. patula is approximately 125 in its natural habitat 

and there are about 118,000 seeds per kilogram of seed. Expected recovery performance ranges 

of between 64,000 (54%) and 96,000 (81%) seedlings per kilogram. Seeds from P. patula seed 

orchards demonstrate better performance at 70-85 % germination in the nursery conditions 

(Nel, 2002). 

Vegetative propagation by grafting or air-layering is possible, as clonal orchards have 

been established using these methods (Bilir et al., 2008; Sivacioǧlu & Ayan, 2008; Weng et al., 

2020). The use of cuttings for clonal propagation is limited by rapid initiation of ontogenetic 
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aging in the plants, typified by the early onset of reproductive maturity and resulting in 

variation in rooting, growth habit, flowering and leaf morphology (PROTA, 2016) . 

2.5 Pine seed extraction  

Seed extraction from the cones of numerous forest tree species has been considered as 

a complicated procedure decided by taxonomic characteristics. Cone properties such structure, 

size, anatomy and shape have been shown to influence the choice of method for obtaining seed 

and the quantities of seed released. Factors such as temperature, relative humidity and moisture 

content has been shown to affect the opening of pine cones (Harlow et al., 1964; Horstmann et 

al., 2022; Keeley, 2012). Cell properties (moisture, shape and size) of the scales also determine 

the reflexes and scale deflection required for seed release. Seed extraction process involves the 

contraction of cell walls into the space previously occupied by water and a decrease in the 

volume of the cones content. Changes in levels of hydration during drying causes changes in 

the shape of cones’ scales and often leads to reclosing of cones (Quan et al., 2021; Tulska et 

al., 2021).  

Most development of techniques to address the difficulty have an incline to research 

pine seed extraction because of the reality that the seeds of that species are in greatest demand 

(Li et al., 2021; Robb, 2020). Due to pine cone sensitivity to changes in humidity and 

temperature during opening for seed release, alternate methods to natural sun drying such as 

kiln drying have been developed in most moist and cool countries. Kilning is described as the 

drying of cones in a controlled, warm, dry environment to flex the cone scales and allow seeds 

to be extracted. Artificial heating provides for control of moisture and temperature thereby 

shortening the period of seed extraction (Ghildiyal et al., 2008).  

Among other factors considered when designing artificial seed extraction devices is 

simplicity of operation, minimal space required, flexibility to increase or reduce drying 

capability, and minimal investment in system. Kilns are designed to remove moisture and 

induce flexing in conifers by use of essential elements: (i) heat for evaporating moisture, (ii) 

air circulation to conduct heat, (iii) control of temperature and humidity to prevent injury to the 

seeds and (iv) a tray or shelf system to expose cones to the air current. Cone pretreatment before 

artificial heating for seed extraction has showed varied to no responses in cone opening in a 

number of species in the Pinus genera (Singh et al., 2017). 

In Kenya, cones are sun-dried in open-sided sheds covered with plastic roofs which 

open after 2–14 days for seeds extraction. Duration of cone opening takes longer due to the 

lower temperatures in pine seed extraction regions. On the other hand, germination starts 7–10 

days after sowing (PROTA, 2016). 
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 Basically, seeds have been the primary source of propagules especially in making of 

hybrids for enhanced productivity of specified features or product from the pine crosses 

(Kanzler et al., 2014; Sastry et al., 2019). In East Africa natural regeneration is often after a 

fire event. Seeds germinate abundantly after a fire (PROTA, 2016). 

2.6 Influence of pine cone physical characteristics on seed yield 

Conifers have displayed between and within species cone differences in terms of cone 

morphology, density, mass, weight, colour, degrees of asymmetry, differences in scale tension, 

effect of environment on bonding strength and genetic differences in bonding agent (Angaine 

et al., 2021, 2020; Ayari et al., 2011; Iwaizumi et al., 2008; Perry & Lotan, 1977). Observation 

of morphological characteristics of cones and seeds has been suggested to guide selection of 

seeds from seed stands, establishment of seed orchard, development of seedling nurseries, 

reforestation and forestation in degraded forests (Ribeiro et al., 2022; Tomback et al., 2022). 

Strong relationships have been observed between cone and seed morphological characteristics 

and seed quality whereby, for instance, cones sizes influenced the number of seeds per cone 

(Kaliniewicz & Tylek, 2019; Neyko et al., 2020).  

The age of mother tree was established to have no influence on cone characteristics 

(cone and seed weight, number of seeds per cone) and germination capacity of P. nigra 

(Alejano et al., 2019), while on the contrary, tree age effects were established for P. pinaster, 

P. pinea and P. echinata (Callejas-Díaz et al., 2022; Ganatsas et al., 2008; Grayson et al., 2002) 

where relationships were established between maternal age, senescence, germination timing 

and subsequent survival. In other studies, seed colour has been shown to influence germination 

energy and germination capacity. Darker shades seeds have shown greater rate compared to 

light-coloured seeds (Bacherikov et al., 2022; Udval & Batkhuu, 2013). Additionally, artificial 

controlled pollination based on morphological characteristics, cone traits, and seed 

characteristics has demonstrated improved cone and seed production capacity quantified as 

yield of developed seed per cone for Pinus densiflora (Lee et al., 2021). Other studies involving 

characterization of P. pinea (stone pine) considered attributes such as cone size, cone survival 

(following pest and disease attack), and seed output (seed-yield quantity and quality) as 

pointers in determining influences of environmental and genetic variations on cone 

productivity (Mutke et al., 2005). 

The crucial role of serotinous cones to produce a prolific release of seeds, enables a 

successful re-colonization of burned areas, hence seeds heat tolerance and response to thermal 

shock is an added advantage for pine seed resources (Lovreglio et al., 2007). Challenges in 

seed extraction from cones have been attributed to scale opening and deflection which has been 
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observed to be changing between coniferous species and also cone parts. The middle and top 

parts show  significant deflection in some species while the next-to-stem part does not change 

its position significantly (Aniszewska, 2010).  

The mechanism of scales opening in Pinus genera have also been proved to experience 

significant differences longitudinally (lengthwise), than cross-sectionally through shrinkage 

from wet to dry (Harlow et al., 1964). Growth conditions in forest stands can be modified to 

enhance tree production and development. To achieve this, techniques such as tree release have 

been used. Tree release is a silvicultural treatment that liberates tree seedlings or saplings by 

removing the older over topping trees to encourage performance of the young trees. This 

technique reduces competition and suppression to favour development of individual trees in 

the understory (Miller et al., 2007). Whereas cone length, diameter, and volume do not vary 

significantly by stand density, tree dbh, or crown position, cone dry weight differ significantly 

between released and unreleased trees of shortleaf pines.  

Furthermore, released shortleaf pine trees were proved to be more productive as they 

produced on average 9 more sound seeds per cone than unreleased trees. As previously 

observed, the number of potentially productive scales per cone varies significantly by 

placement within the crown with greater numbers found in the upper crown (Grayson et al., 

2002). Cone orientation, based on uprightness  in P. strobiformis has also been reported to have 

no significant effects on seed extraction rates calculated as number of seeds released per second 

but there existed cone opening differences over different times of the year (Samano & 

Tomback, 2003). Information on cone and seed analysis have been  suggested as effective 

guides to the breeders when evaluating seed production from seed orchards (Bramlett, 1977; 

Karrfalt & Belcher, 1976). Anatomical and morphological characteristics of P. clausa (stone 

pine), P. echinata (shortleaf pine), P. elliottii (slash pine), P. glabra (spruce pine), P. serotina 

(pond pine), P. taeda (loblolly pine), P. mugo (mountain pine), and P. palustris (longleaf pine) 

cones have been used as clues in the process of identification for biodiversity preservation 

among the pines (Monteleone et al., 2006; Proctor & Martha, 2016). 

Cone size (length and width) and seed size (length, width and weight) have been useful 

in intra-specific taxonomic distinction between populations of Pinus greggii (García-De La 

Cruz et al., 2015; Fernando, 2014), while parameters like seed weight and length have been 

used to classify provenances into high and lowland groups in Pinus caribaea (Rawat & Bakshi, 

2011). Seed source variation with respect to cone, seed and seedling characteristics is well 

documented for a number of tree species (Tomback et al., 2022; Weng et al., 2020; Hauke-
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Kowalska et al., 2019). Cone and seed characteristics have been shown to vary among species, 

provenance and genotypes in pines and are well documented (Udval & Batkhuu, 2013).  

Variation in cone size, seed number per cone, seed morphology and seed germination 

characteristics in relation to stand conditions was analysed for Pinus sylvestris L., grown in 

Mongolia. This study on P. sylvestris showed significant geographic variations in cone and 

seed morphological traits, and seed germination characteristics. Cone and seed morphological 

traits were significantly differed within provinces and populations in all measured variables. 

The criteria used was recommended to guide the selection of best performing and high seed 

quality seed sources for better productivity and vigorous seedlings (Batkhuu et al., 2020). Other 

studies on extractive uses have characterised pine seeds on basis of morphology, chemical 

composition, quantity of extracts, nutritional composition (Havelt et al., 2020; Lixia et al., 

2018; Shukla & Kaur, 2018; Valera-Burgos et al., 2012). Environmental temperatures heavily 

weigh on these morphological and chemical quantities as suggested by authors of P. cembroides 

nut extracts study (Reyna-González et al., 2019).  

Seed orchard plantations have contributed significantly to genetic diversity of pines and 

to an extent aided the process of natural selection. Genetic variability of pines grown in 

plantation set up has been shown to differ significantly showing higher values of heterozygosity 

than of those in natural populations (Kaviriri et al., 2020; Khanova et al., 2020; Tuomainen et 

al., 2022). In previous studies on P. sylvestris and P. koraiensis, clonal seed orchards expected 

to express homogeneity in phenotypic traits, showed variations in cone and seed characters 

(Weng et al., 2020). These characters were as follows: cone length, cone width, cone weight, 

apophysis (outer part of cone scale) length, apophysis width, number of filled seeds, total 

number of seeds, seed length, seed width, seed weights, opened carpel and total number of 

carpels (Bilir et al., 2008; Sevik & Topacoglu, 2015). Many factors have been attributed to 

poor cone opening such as: early harvesting, fungal  and insect damage as well as case 

hardening during storage (Ayari & Khouja, 2014; Ayari et al., 2012, 2011; Bramlett, 1977).  

Earlier studies stated that trees with best phenotypic traits are not necessarily the best 

seed producers (FAO, 1985). However, Bramlett (1977), also documented that the analysis of 

cone and seeds provides information that could enable breeders to evaluate seed production 

from seed orchards. Seed weight is an important indicator of seed quality since it positively 

correlates with seed germination rate and seedling size in conifers (Guemri et al., 2019; Maia 

& Corticeiro, 2022; Shen & Cho, 2021). Seed quality has largely been determined by seed 

physical (seed size and weight) and physiological traits (germination rate). Seed quantity is 

suggested to be enhanced by improving cone traits such as cone abundance per tree, number 
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of seeds per cone and seed weight in an orchard (Grayson et al., 2002; Weng et al., 2020). The 

availability data on cone physical characteristics in relation to seed yield for P. patula, cone 

sorting guidelines and protocols could enhance germplasm production for this commercial 

plantation species. 

2.7 Influence of pine seed extraction exposure periods on seed release  

Seed extraction, storage, germination, and seedling growing protocols have been 

successfully developed and implemented at an operational level for producing thousands of 

seedlings for planting. Dry fruits such as pine cones require appropriate treatment for seed 

extraction (Belcher, 1977). The conventional way which is cheap and simple is by spreading 

the cones under the sun in drying beds until they open up for seed release. In other cooler 

regions of the world drying kilns and auxiliary mechanized sieving is used for cone drying and 

seed extraction. Certain attempts have been used to improve the pine seed extraction process 

as the natural sun drying procedure is very slow and depending on the weather it takes weeks 

to release the seeds. Most studies included trials of seed extraction in ovens at various 

temperatures. The duration of drying the cones reduced to about 4 days at specific temperatures 

normally higher, it could be reduced to 2.5 hours. Depending on the pine varieties, some seeds 

under these extraction temperatures did not show any significant deterioration as the 

germination percent remained highest. The seeds also exhibited lower moisture content and 

thus they could be stored for longer periods than the normal seeds.  

A few pines have research work examining the ideal conditions for seed release from 

serotinous cones and a variety of methodological approaches have been applied where these 

conditions have been examined. Typical approaches focus on the temperatures required to open 

the scales of serotinous cones, and involve either heating cones in ovens or by immersion in 

water (Perry & Lotan, 1977; Reyes & Casal, 2001; Tapias et al., 2001). Previous studies have 

reported that pine cones open to release seed through a combination of temperature and 

humidity conditions which varies widely in the pine growing regions of the world (Aniszewska 

et al., 2020; Essl et al., 2011; Wyse et al., 2019). Another factor affecting pine cone opening 

and to some extent seed availability is the presence of resin with serotinous cones occurring in 

many species (Rhoades et al., 2022; Wyse et al., 2019). In these species, cone scales remain 

closed due to sealing with resin which require high temperatures for resins to melt and cones 

to open. The presence of resin is also considered as an adaptive defence mechanism against 

insect infestation to support growth and reproduction of the pine species (Farinha et al., 2018; 

Horstmann et al., 2022; Redmond et al., 2019).  
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Cone desiccation, without heating, has also been examined for P. halepensis (Wyse & 

Dickie, 2017) where it was confirmed that moisture levels had a crucial impact on cone opening 

for this pine species. In another study on cones from Aleppo pines clones, it was observed that 

cone moisture content did not vary significantly among the cones and that moisture content 

was predominantly under environmental control (Matziris, 1998). Seeds extraction from cones 

of many species requires drying either naturally or from artificial heat sources and a number of 

methods have been employed for seed extraction from such cones (Angaine et al., 2021; 

Aniszewska, 2012; Onyango et al., 2020).  

Artificial drying of cones in heated kilns has been recommended for cool moist climate 

species where the climate in not suited for air drying (Ghildiyal et al., 2008; Singh et al., 2017). 

The major challenge associated with natural sun drying of cones is the possibility of losing 

viability due to moisture loss and temperature variation (Aniszewska & Zychowicz, 2020). 

Investigations to understand effects of temperature and moisture variations for seed release in 

P. radiata found no difference in seed release even when the cone moisture content was varied 

(Wyse et al., 2019). In other studies, the use of microwave electromagnetic radiation in the first 

stage of hulling P. sylvestris cones reduced their initial moisture content, which resulted in 

quicker scale opening. The study established a relationship between loss of weight and the 

number of cones placed under a microwave generator. Thus, according to the study, the greater 

the number of cones, the lower the weight loss and the higher the quality of the extracted seeds. 

However due to the unevenness of heat in the microwave chamber, for industrial application, 

further investigation was recommended to ascertain the relationship between seed quality and 

microwave power and between the weight of the material by determining radiation flux (W/g) 

and unit irradiation (J/g) (Aniszewska et al., 2019). Norway spruce seeds also demonstrated 

less resilience to microwave radiation as compared to European larch whose seed quality was 

retained on exposure to higher radiation power (Aniszewska et al., 2024). Thermomechanical 

methods have been used in cone sorting and seed extraction in silvicultural extraction facilities 

within cooler countries (Novikov et al., 2020). These methods have demonstrated greater yields 

in number of seeds suitable for long-term storage (Tulska et al., 2022). The control of energy 

used in these processes optimised seed production and promoted sustainable use of natural 

resources (Tulska & Aniszewska, 2022).      

Research findings have demonstrated that increasing summer temperatures lead to a 

greater incidence of P. contorta cone serotiny being broken by warm weather conditions in 

Southern Idaho (Knapp & Anderson, 1980). High temperatures cumulatively favour seed 

released over time. When considering efficiency in mechanized seed extraction, it is important 
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to establish the extraction exposure duration at which seed yield is at its peak so as to focus the 

seed extraction efforts to the higher release periods. This is an area where the study sought to 

provide more information. 

2.8 Influence of cone characteristics, seed extraction exposure periods and temperature 

on germination 

Germination behaviour is shaped by external factors (biotic and abiotic), genes, or 

conditions experienced during seed maturation in the field. Together, these can determine, for 

instance, germination timing or emergence rate, survival effects and post germination traits 

(Bravo-Navas & Sánchez-Romero, 2022; Rajjou & Debeaujon, 2008). Seed germination is a 

sensitive but key process in the life cycle of pines and has an important impact on population 

expansion, seedling growth, establishment, individual survival and competition. It is known 

that pine populations can differ significantly in germination behaviour, for example, in 

germination percentage and time, prechilling requirements, or seed freezing tolerance (Correia 

et al., 2014; Tonguç et al., 2022).  

The rate of seed extraction has been used to indicate the extraction efficiency in pines 

whereas the cone potential has been inferred to as a ratio between the number of germinable 

seeds vis a vis the total number of seeds in a cone (Bramlett, 1977; Grayson et al., 2002). A 

number of pine species especially in fire prone areas have previously been investigated for the 

insulation capacity of cones for safe seed release (Calvo & Nunez, 2000; Habrouk et al., 1999; 

Koba & Zhigalova, 2019; Moya et al., 2007). It was observed that under different treatments, 

their respective cone responses to the temperatures and subsequent seed germination varied 

across the species tested (Bhat et al., 2017; Sivacioǧlu & Ayan, 2008; Wyse et al., 2019). 

Gradual cone opening ranged  from two to three hours after exposures to induced heat treatment 

for two of the pines P. radiata and P. pinaster (Bhat et al., 2017; Reyes & Casal, 2001; 

Sivacioǧlu & Ayan, 2008; Wyse et al., 2019).  

The capacity of cones to withstand high temperatures during cone opening to safely 

release under different temperature treatments was studied by  Grayson et al. (2002) and 

Bramlett (1977) to understand the varied responses in three pines namely; P. halepensis, P. 

sylvestris and P. nigra. Tests on heat tolerance and regenerative capacity after fires of these 

species showed germination potential of P. pinaster and P. nigra after exposure to high 

temperature of 70-120°C and the variance between production in the scales. Observed 

regeneration patterns of P. nigra, P. sylvestris and P. halepensis after fire in large burned areas 

have been related to the interactions between their seeding phenology, cone resistance to 

opening, and the effects of fire severity on seed viability. P. nigra and P. sylvestris cones and 
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seeds have exhibit a very low tolerance to fire effects, and thus regeneration have depended on 

the arrival of seeds from outside the boundaries of the burned area.  

The high resistance displayed by P. halepensis cones to heat, as well as the resistance 

of their seeds to fire severity, allowed for its regeneration in burned areas. Thus spatial and 

temporal effects on the germination and regenerative capacity of these pine species played a 

role after forest fires (Habrouk et al., 1999). In addition, post fire resilience of P. pallasiana 

(pallasian pine) seeds and reproductive structures has been tested to understand the effects of 

seed weight and cones size on surviving the severity of fire in natural stands. Fire effect on the 

reproductive structures established that the flame damaging action does not cause total 

mortalities in seeds. In scorched cones it was discovered that vital functions of the seeds were 

partly preserved. The study also showed that, the chances of the seeds’ survival following the 

heat shock strengthened with the cones’ length thus seeds from bigger cones have maximum 

likelihood to sustain viability after the heat shock. This study recommended the selection of 

seed stock based on potential resilience to fire based on physical characteristics (Koba & 

Zhigalova, 2019).  

Generally, serotinous cones and fruits are morphologically dehiscent but their 

dehiscence requires an exceptionally high temperature for resin to melt so that the scales open 

(Samano & Tomback, 2003; Schmidt, 2000) without losing the viability of seeds. Desiccation 

studies on two pine species (Pinus resinosa and Pinus elliottii) showed good germination 

performance in longer storage of both pine species. Researchers reported 86% germination in 

P. resinosa samples stored for 42 years (Bonner, 1990). Germination of P. elliottii was found 

to be 66% after 50 years of storage at 4°C, but there was evidence of loss of vigour. However, 

there exists opportunities for improvement where germination can be optimized under good 

environmental controls (Kanzler et al., 2014; Nel, 2002). Red pines have also shown variability 

in germination for cones that remained closed several years after fire. Initially the germination 

was low and slow for some cones but altogether, given time the germination increased to 70% 

at the end of  the experiment (Çetin, 2023). 

Seed germinability and germination responses is neither temporally nor spatially the 

same for all the species (Bussmann & Lange, 2000). Germination responses under controlled 

conditions also exhibit some variance. In coniferous species, the level of cone protection 

against heat (insulation capacity) also varies from one species to another and thus is the seed 

protection from thermal insulation (Reyes & Casal, 2001). Studies by Ghildiyal et al. (2008), 

have been carried out to assess the effects of forest fires to the regenerative abilities of pine 

stands after fire events especially in the Mediterranean where some pines were found to be fire 
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tolerant as germination of seeds was not affected. Some studies have observed that seed 

germinability and responses to thermal shock greatly varied depending on the duration of 

exposure to thermal treatments (Lovreglio et al., 2007).  

In addition, for Aleppo pine, cone exposure to 30°C was determined to be safe for seed 

extraction as the procedure did not show any adverse effect on seed germination (Singh et al., 

2017). Lodgepole pine seeds heated to temperatures over 80℃ exhibited a significant decrease 

in germination suggesting existence of a threshold temperature above which germination is 

reduced. This threshold temperature coincided with the upper temperatures required to open 

serotinous cones. The study suggested that in terms of germination, seed from serotinous cones 

that were not heated above the threshold temperature could compete equally with seed from 

non-serotinous cones (Knapp & Anderson, 1980).  

Seed moisture content has been shown to fundamentally influence physiological 

reactions in seeds (Bautista et al., 2022; Bonner, 1990; Ghildiyal et al., 2008), and it follows 

that the tolerance of seeds to fire may differ during periods of higher or lower soil/seed 

moisture. Seeds that have been fully hydrated have demonstrated increased sensitivity to high 

temperatures such that seeds with high moisture content are at a higher risk of seed mortality 

when exposed to high temperature (Ruprecht et al., 2016). Thus, thermal tolerance of seeds 

greatly varies with seed moisture content (Tangney et al., 2019). For P. patula, 65°C has been 

recommended for rapid seed extraction as cones are set to open from 4 hours up to 24 hours 

(Onyango et al., 2020). However, seed germinability was not tested, thus, the safe extraction 

exposure period is yet to be established. 

2.9 Contributing factors in pine cone and seed losses 

a) Pine cone damage and seed dormancy 

Cone and seed production, for a given season, also rely on the tree vigour, health size, 

stand condition, and the loss of seed through pests (Leptoglossus occidentalis, Dioryctria 

mendacella), diseases (Fusarium circinatum) or predation (squirrels and crossbill) (Barlow et 

al., 2007; Calama & Montero, 2007; Farinha et al., 2018; Mezquida & Benkman, 2021; 

Samano & Tomback, 2003; Tíscar, 2019). It has been established that the seed health in relation 

to seed production of lodgepole pines declines as the trees development process matures (de la 

Bastide et al., 2019). Fungal infections have been identified the major contributing factor to 

seed loses during germination (Bautista et al., 2022; Darge, 2017; Vivian et al., 2020). 

Among factors affecting germination, the state of the seeds themselves is the most 

important. Some seeds might be dormant while others are not. Seed dormancy in pines could 

be physical, physiological or both. Different factors, alone or in combination, have been 
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attributed to the dormancy in the different Pinus species (El-Kassaby et al., 2008; Fernando, 

2014). Seedcoat inhibition has been suggested to play an important role in seed dormancy, and 

germination with removal of which showing improved germination for some species. Other 

causes of dormancy, in Pinus lambertiana (sugar pine), were related to under developed 

embryos; thus, special treatment such as cold stratification, chemical stratification, GA3 

treatment, and artificial openings have been tried to break dormancy and improve germination 

(Shen & Cho, 2021).  

An earlier study on P. clausa showed that older seeds extracted from older cones 

exhibited some dormancy as compared to seeds from younger cones. Viability was  maintained 

when seeds were dried to 10% moisture, for 2 years storages at 25°F (-3.8℃) (Barnett & 

McLemore, 1966). In an experiment aimed at improving in P. patula germination, it was 

demonstrated that either soaking the seed in a 200 g/l polyethylene glycol 6000 solution for 15 

days or soaking for 24 hours in a sea-weed concentrate followed by 20 day stratification at 2 

to 3°C could safely reduce the dormancy percent of the seed (Donald, 1981).  

b) Influence of germination media and presowing environments on physiological process of pines 

Use of growth stimulants has been effective in reducing Siberian pines (Pinus sibirica) 

Pinus sibirica seed losses resulting from failure to develop full embryos. Plant growth media 

has been used as technology for improving seed propagation in terms of soil germination and 

seedling growth indicators of P. sibirica from different provenances. Stagnated embryo 

development in pines is mostly associated with inbreeding depression. These losses were 

quantified as the number of full seeds yielded per cone whereby inbreeding had affected the 

proportion of seeds with fully developed embryos but did not affect the numbers of extractable 

seeds. This technique shortened the technology for growing Siberian pines from seeds, as it did 

not require long-term stratification of seeds before sowing and also , excluded seed losses 

attributed to eating by rodents and birds (Karamysheva et al., 2019).  

Scots pine seed germination and early growth in controlled conditions and in natural 

field conditions has been assessed to optimize overall germination performance (Sirgėdienė, 

2019). Germination under field conditions was shown to be influenced by soil temperature, 

moisture, light intensity, seed colour, mass, seed source. However, in this study, site differences 

did not significantly affect seeds germination energy as it appeared to be quite similar 

indicating that even under harsh conditions seeds had equal possibilities to germinate. On the 

other hand, potting material and germination media was shown to influence early growth and 

germination of this species as increased levels of contamination in the planting media decreased 

the germination capacity and seedling growth (Makhniova et al., 2019).  
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Initial state of seeds and seed storage conditions have qualified longevity of seeds 

(Baah-Acheamfour & Sobze, 2022). Some studies in China have established that for long-term 

storage of Pinus dabeshanensis (white pine) seeds, 4℃ was effective in seed preservation, 

while if storage period is less than a year, room temperature storage was recommended 

emphasised for higher germination. Scarification before sowing for hard seed coated pines has 

also been encouraged in optimising germination because of the rapid water uptake (Maid et al., 

2019; Xiang et al., 2019). Pinus nigra Arn. (Anatolian black pine) seeds have demonstrated 

significant and negative reactions to increased exposure time to UV-B radiation as the stress 

affected both germination and seedlings development (Ozel et al., 2021). 

2.10 Research gaps  

Research gaps of the current study are shown in Table 1. 

Table 1: Research gaps based on extent of previous work 

Author and year of 

publication 

Research topic Research Gaps 

Onyango et al. (2020)  Patula pine (Pinus patula) 

cones opening under 

different treatments for 

rapid seed extraction in 

Londiani, Kenya  

The study focused on cone 

pretreatment and higher extraction 

temperatures for reduced seed 

extraction time. 

Seed germination was not part of 

the study. 

Angaine et al. (2021) Influence of Cupressus 

lusitanica Mill. Cones and 

Seed Characterization on 

Germination in Kenya 
 

The study focused on improving 

seed sorting technique by cone 

size sorting, use of seed size and 

relative density to sort viable 

seeds. Fitness of seeds throughout 

the 24 hours extraction periods 

was not examined. 

Fierro-Cabo and 

Plamann (2021) 

Enhancing the seed 

germination process of 

Montezuma cypress 

(Taxodium mucronatum 

Ten.) 

The study focused on improving 

germination by soaking and 

stratification of stored seed. 

Germination conditions was not 

part of the study. 
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2.10 Theoretical Framework 

Forest fires and crown fires in pines are traditionally perceived as adverse phenomena 

capable of initiating a significant transformation on the forest community. The evolutions of 

pines have recognized the role of heat in the form of fire as influential in the succession and 

establishment of pines (Tapias et al., 2016). Pines have developed traits and diversified in 

extreme environments where other higher plants could not survive. These traits include the 

following: adaptation to drought, the capacity to close stomata on hot and dry days and at high 

water potentials, various ruderal strategies, vigorous regeneration, highly competitive abilities, 

and reduced growth and acclimatization during drought (Fulé et al., 2021; Lamont et al., 2020; 

Richardson et al., 1994). Traits such as enormous seed pressure, height, fast-growing, 

ectomycorrhiza, or thick bark contribute to the survival and dominance of pines. Strategic 

allocation of resources to plant reproduction or defence at the expense of other fitness traits has 

been a central component of plant life history theory of the pines. Adaptations to fire such as 

serotiny, self- pruning of dead branches, long needles, and the grass stage has also helped pine 

to survive and flourish in fire prone environments (Habrouk et al., 1999; Singh et al., 2018).  

Diversification of pines have previously fallen into either fire-adapted and fire-avoider 

lineages. In mixed forests, fire tolerant pines such as, Pinus attenuata, P. halepensis, P. brutia, 

just to mention a few, outcompete oaks due to their vigorous postfire recruitment and eventually 

attain greater heights and thus overshadow the shorter statured oak. Rather than merely 

tolerating fire, these pines embrace fire by both enhancing the capacity for fires to consume 

tree canopies as well as delaying reproduction to a single postfire pulse of recruitment from 

serotinous cones (Keeley, 2012). The ecology of pines therefore has demonstrated a 

combination of two principle strategies, anchored on Charles Darwin’s theory of survival for 

the fittest, to enhance survival in the natural environment: adaptations to ecological disturbance 

brought about by various fire regimes; and adaptations to extreme conditions (He et al., 2012).  

In these theories, fire disturbance has favoured pine expansion by facilitating cone 

bursting and stimulating germination especially for regenerations (Ganatsas et al., 2008; Tapias 

et al., 2001, 2016). Fire intensity and frequency has acted as a factor of natural selection in 

pine species populations’ regeneration and succession (Koba & Zhigalova, 2019). 

Morphological and physiological adaptations of pines to fire frequency and intensity vary 

across the species and regions where they are found (Essl et al., 2011; Ghildiyal et al., 2008). 

These ecological and life history characteristics ensure the retention of diversity through long 

life spans, large individual size, predominant outcrossing mating systems, large and relatively 

regular pollen and seed crops routinely distributed over great distances (primarily wind 
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dispersed), and large, continuous populations. Expansion and invasion of pines is often limited 

until the onset of favourable conditions. Colonization and succession and invasion of Pinus 

contorta and Pinus strobus in Chile attribute their success to conservation of reproductive 

characteristics such as abundant seed rain in open favourable environments, production of 

heavier seeds, spiky seed dispersal, higher plant height, and variation in fruit types for these 

shade intolerant varieties (Singh et al., 2018).  

Higher temperature intensities (a function of the temperature reached and the time of 

exposure) has been shown to be a key factor in cone opening for seed release and also 

influences seed germination energy, rate and capacity (Aniszewska et al., 2019, 2020; Calvo 

& Nunez, 2000; Lovreglio et al., 2007). Heat tolerance and thermal shock resistance as 

indicated by germination energy is shown to be dependent on species, cone and seed moisture 

content (Ghildiyal et al., 2008; Habrouk et al., 1999; Tangney et al., 2019). Thus, for extraction 

of seed in serotinous pines, the insulation capacity of cones and the thermal resistance of seeds, 

are believed to be the determinants for successful seed germination. 

2.11 Conceptual Framework 

  It has been argued that the differences in cone maturity, size, shape and weight 

influences the seed number per cone, seed potential, seed efficiency, seed morphology and seed 

germination behaviour of some pines (Angaine et al., 2020; Aniszewska, 2010; Ganatsas et al., 

2008). Deflection of scales during cone opening for seed release is diverse depending on the 

cone shape (tapered or cylindrical), resin thickness, and moisture content (Aniszewska, 2010; 

Aniszewska & Bereza, 2014; Singh et al., 2017). A summary of experimental variables 

captured in this study are shown in Table 2. 
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Table 2: Summary of experimental variables in the study 

Independent 

variables  

Intervening variables Dependent variables 

1.Cone size (width) 

2.Cone weight 

1.Extraction exposure periods 

2.Germination temperature 

conditions 

1. Quantity of seed released 

2. Quantity of seed germinated 

 

Figure 1 illustrates the scope of the study and possible determinants of seed germination 

performance based on the cone characteristics (narrow, wide, heavy and light), temperature 

exposure periods during extraction (6 hours, 12 hours and 24 hours), and germination 

temperature (22°C, 27°C and 32°C). 

 

Figure 1: Conceptual framework  

  
Independent variable 

Cone characteristics 

Intervening 

variables 

1. Extraction period 

2. Germination 

temperature 

Dependent variables 

1. Seed yield 

2. Germination 

performance 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1. Study site description  

     Londiani area is in the Rift Valley highlands of Kenya positioned between 35.607270°E 

longitude and 0.155520°S latitude (Figure 2).  

  Climate: Londiani area is cool and moist almost throughout the year with a minimum 

temperature of 8.6°C and a maximum of 23.31°C and an average temperature of 15.7°C. 

Londiani forest ecosystem landscape ranges from hilly to moderate terrain with altitude ranging 

from 1970 to 2900 m.a.s.l. The area has two rainy seasons, with the long rains occurring in the 

months of March to May with an average rainfall of 750 mm for the three months, and the short 

rains in October to December with average rainfall for the three months of 423 mm. The driest 

months are January to February and August to September (KFS, 2018).  

Geology and soils: The geology and soil types are influenced by ancient volcanic 

activities. The underlying rock is volcanic but varies according to its age. In general, the area 

is dominated by soils that have been developed from ashes and other pyroclastic rocks of recent 

volcanoes. The soils are predominantly dark reddish brown to dark red clays, classified as 

humic nitisols and humic cambisols (KARI, 1996).  

Hydrology: Londiani Forest is part of the larger Mau Forest Complex ecosystem, which 

is of major economic and ecological importance in Kenya due to its value as a watershed and 

catchment area. 

Vegetation: There is variation in vegetation cover and composition in the indigenous 

forest. In plantations forests, planting of monoculture plants is being practiced for production 

of wood suitable for processing by wood-based industries. The plantation species include; 

pines, cypress and eucalypts. Vegetation zones and species distribution depend on density 

variations of the particular tree species, topography, soil depth and human interference. 

Domination of some species in different parts of the forest has resulted in the development of 

different vegetation zones within the forest. Some of the important indigenous species found 

in the forest include; Prunus africana, Podocarpus falcatus, Osyris lanceolata, Olea 

hochstetteri, Juniperus procera, , Olea africana, , Rhus natalensis, Warburgia ugandensis, 

(KFS, 2018). 

The factors identified to have contributed to the changes in forest cover and land use in 

Londiani forest include agriculture, human settlements, timber harvesting, extraction of 

building materials by the locals, grazing, fuel wood cutting and charcoal burning (Omondi & 

Musula, 2011; Ongong’a, 2012). 
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Figure 2 : Map of Londiani Forest, Source: KFS, (2023) 

3.2. Sampling frame 

3.2.1 Identification of sample trees  

Sample trees for cone collection were selected from a 2006, P. patula clonal seed 

orchard. The seed source was situated in the Kamara block of Londiani forest. The spacing 

used during establishment was 5m by 5m and the stand was pollarded in 2019. The stand has 

a mean height of 26.5m. Forty-five trees were systematically selected after the first tree was 

randomly picked. The trees were marked and using a diameter tape, the diameter at 1.3 meters 

above ground, referred to as diameter at breast height (dbh) of each sampled tree was measured.  

3.2.2. Cone collection 

At the time of cone collection (June 2022), four of the selected trees had no mature 

cones while others had sufficient numbers, thus the number of cones collected per tree ranged 
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from 11 to 63 making a total of 1980 cones. Given that the maturity age of cones has been 

found to have a bearing on the opening temperature in some species, such as P. halepensis 

(Tapias et al., 2001), observation of cone colour (shiny brown to silver grey) was the criteria 

for determining mature cones of the current season. The cones were packed in gunny bags for 

delivery to KEFRI Londiani laboratory.  

3.2.3. Data collection on cone characteristics and seed extraction 

Once in the laboratory, measurements of width and weight were taken by use of an 

electronic calliper and a KERN & Sohn (KB 10000-1N) balance respectively. The cones were 

categorised as either; narrow, wide, heavy or light depending on the width and weight, whereby 

the ranges used were; 20g to 27g for light, 28g to 34g for heavy, 2.5cm to 2.8cm for narrow 

and 2.9cm to 3.2cm for wide cones respectively (Angaine et al., 2020). These cones were then 

exposed to artificial extraction conditions in ovens set at 65℃ (Onyango et al., 2020).  

Observations of the seed released were done after 6, 12, and 24 hours. The categories 

under investigation were; Light, Heavy, Narrow, and Wide cones denoted as L, H, N, and W 

respectively with alphanumeric 1,2,3 representing extraction exposure periods; 6, 12, and 24 

hours. Whereas exposure periods and cone characteristics were treatments, the variable was 

the seed released within the periods.  
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3.3 Experimental design 

The experimental design used was completely randomised factorial design. The 

experiment consisted of 36 treatments replicated 3 times with the following as treatments: 

1. Cone characteristics: H= Heavy weight; L= Light weight; W= Wide cone, N= Narrow 

cone 

2. Duration of exposures for seed extraction: Exposure T1= 6 hours, Exposure T2= 12 

hours, Exposure T3= 24 hours.  

3. Germination chamber temperature:  G1=22 °C, G2=27 °C, and G3=32 °C 

The study design is illustrated in Figure 3 as follows: 
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Figure 3: Sketch of study design. Source: Onyango A.A 
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Extracted seed was cleaned by removing the empty wings and dewinging the full seed 

by placing the seeds between the palms, rubbing against each other and gently blowing. Two 

representative samples of 10 seeds per group were subjected to moisture content tests. The 

constant temperature oven drying method (ISTA) was used by following the steps outlined: i) 

the glass petri dishes were sterilised at 130ºC (Memmert oven D2800) for one hour and allowed 

to cool in the desiccator for one hour ii) each petri dish was labelled and weighed, including 

the lid, and weights were recorded on the data sheet iii) two sub-samples of 10 randomly 

selected seeds from each group were placed into two separate petri dishes, which served as two 

replicates iv) the Petri dishes were placed with the lids removed in an oven maintained at 105°C 

(Memmert oven D2800) v) the  seeds were dried for 17±1 hours vi) at the end of the drying 

period the lid on each petri dish was replaced vii) the petri dishes were moved to a desiccator 

and allowed to cool for 45 minutes viii) the weight of the petri dishes containing the samples 

were  recorded. 

The moisture content was calculated on a wet-weight basis and expressed as a percentage using 

the following formula:  

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  
𝑊2 − 𝑊3

𝑊2  −  𝑊1
× 100 

Where;  

W1 = weight of petri dish with lid;  

W2 = weight of petri dish with lid and sample before drying; 

W3 = weight of petri dish with lid and sample after drying. 

Another sample of 10 seeds per group were subjected to the cutting test. This was done 

by nipping the seed longitudinally using a nail clipper for visual inspection of the embryo.      

Germination for seeds released from each group was carried out in germination chambers at 

fixed temperatures; 22°C (Sanyo growth cabinet MLR 350), 27°C (Panasonic MLR-352H-PE), 

and 32°C (LMS Cooled incubator model 600) for four weeks (Aniszewska & Bereza, 2014).  

In preparation for seed sowing, petri dishes were sterilized and a thin layer of moist 

cotton wool was used as the germination media. Each petri dish had 100 seeds replicated three 

times from each of the extraction treatments (ISTA, 2023). Radicle emergence was used as the 

criterion for germinability (Ghildiyal et al., 2008; ISTA, 2011). The number of germinated 

seeds were recorded daily for up to day 28 with those counted being discarded (counting 
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without replacement). Observations of germination by radicle emergence was indicative of 

seed vigour for seeds exposed to the different controlled conditions.  

Treatment combinations (36) and replicates (3) are shown in Table 3 

Table 3: Treatments and replicates  

Treatment number Treatments 
Replicates 

REP 1 REP 2 REP 3 

1.  HT1G1 HT1G11 HT1G12 HT1G13 

2.  LT1G1 LT1G11 LT1G12 LT1G13 

3.  HT1G2 HT1G21 HT1G22 HT1G23 

4.  LT1G2 LT1G21 LT1G22 LT1G23 

5.  HT1G3 HT1G31 HT1G32 HT1G33 

6.  LT1G3 LT1G31 LT1G32 LT1G33 

7.  HT2G1 HT2G11 HT2G12 HT2G13 

8.  LT2G1 LT2G11 LT2G12 LT2G13 

9.  HT2G2 HT2G21 HT2G22 HT2G23 

10.  LT2G2 LT2G21 LT2G22 LT2G23 

11.  HT2G3 HT2G31 HT2G32 HT2G33 

12.  LT2G3 LT2G31 LT2G32 LT2G33 

13.  HT3G1 HT3G11 HT3G12 HT3G13 

14.  LT3G1 LT3G11 LT3G12 LT3G13 

15.  HT3G2 HT3G21 HT3G22 HT3G23 

16.  LT3G2 LT3G21 LT3G22 LT3G23 

17.  HT3G3 HT3G31 HT3G32 HT3G33 

18.  LT3G3 LT3G31 LT3G32 LT3G33 

19.  WT1G1 WT1G11 WT1G12 WT1G13 

20.  NT1G1 NT1G11 NT1G12 NT1G13 

21.  WT1G2 WT1G21 WT1G22 WT1G23 

22.  NT1G2 NT1G21 NT1G22 NT1G23 

23.  WT1G3 WT1G31 WT1G32 WT1G33 

24.  NT1G3 NT1G31 NT1G32 NT1G33 

25.  WT2G1 WT2G11 WT2G12 WT2G13 

26.  NT2G1 NT2G11 NT2G12 NT2G13 

27.  WT2G2 WT2G21 WT2G22 WT2G23 
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Treatment number Treatments 
Replicates 

REP 1 REP 2 REP 3 

28.  NT2G2 NT2G21 NT2G22 NT2G23 

29.  WT2G3 WT2G31 WT2G32 WT2G33 

30.  NT2G3 NT2G31 NT2G32 NT2G33 

31.  WT3G1 WT3G11 WT3G12 WT3G13 

32.  NT3G1 NT3G11 NT3G12 NT3G13 

33.  WT3G2 WT3G21 WT3G22 WT3G23 

34.  NT3G2 NT3G21 NT3G22 NT3G23 

35.  WT3G3 WT3G31 WT3G32 WT3G33 

36.  NT3G3 NT3G31 NT3G32 NT3G33 

Combinations for one replicate are 36. So 3 replicates gave 36×3=108 experimental units or 

plots 

KEY: 

H= Heavy cone 

L= Light cone 

N= Narrow cone 

W= Wide cone 

T1= oven exposure period 6 hours 

T2= oven exposure period 12 hours 

T3= oven exposure period 24 hours 

G1= Germination chamber at 22°C  

G2= Germination chamber at 27°C 

G3=Germination chamber at 32°C 

Germination was considered as percentage of the seed yield resulting from treatments, 

H, L, W, N and T. Thus, germination performance was the resultant effect of the interaction 

effect of cone characteristics and extraction exposure period and the germination chamber 

conditions. These were analysed according to ISTA (2023) procedures,  

Where; 

𝑦 = (𝑛𝑜 𝑜𝑓 𝑔𝑒𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑠𝑒𝑒𝑑𝑠 ÷ 𝑛𝑜 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑠𝑜𝑤𝑛) × 100% 

Seed samples from each group were sown in the nursery to simulate nursery practice 

and observe early growth behaviour. Sand in the seed sowing bed was sterilized by use of 

sodium hypochlorite solution (JIK 3.5%) mixed with water in the ratio of 1:100. Tags were 
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placed in the uniformly partitioned seed bed and labelled with the different seed lot treatments. 

Seed samples were sprinkled with a spatula, covered with little sand and the bed was kept 

moist.  

3.4 Statistical analysis 

Data on initial cone width, initial cone weight, cone opening period, cone seed count 

and seed germination was collected and tabulated in a data sheet using MS excel.  Descriptive 

statistics was applied to analyze the cone composition and germination trends within each 

category. The variables and factors were subjected to a one-way analysis of variance (ANOVA) 

to determine the differences between and within groups. Tukey's HSD (Honestly Significant 

Difference) was used to determine significant differences in means between groups at p=0.05. 

Tukey HSD was the post-hoc test of choice to separate the overlaps in means between the 

treatments under study. 

Correlation coefficients were categorized as weak (0.0–0.4), moderate (0.4–0.6) and 

strong (0.6–1.0) (Mubai et al., 2020). Statistical data analysis for each specific objective are 

shown in Table 4. 

Table 4: Statistical data analysis for each objective 

Research Objectives Variables Statistical data analysis method 

1. To determine 

the effect of cone 

width and exposure 

period on seed release. 

 

Independent variables 

1.  Cone width  

❖ Wide cones 

❖ Narrow cones 

1. Extraction periods  

❖ 6 hours 

❖ 12 hours 

❖ 24 hours 

-Descriptive statistics tables, graphs 

-Pairwise Comparisons F test 

 

 

Dependent variables 

1. Number of seeds 

released  

2. To determine 

the effect of cone 

weight and exposure 

period on seed release. 

Independent variables 

1. Cone width  

❖ Heavy cones 

❖ Light cones 

2. Extraction periods  

-Descriptive statistics tables, graphs 

-Pairwise Comparisons F-test 
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Research Objectives Variables Statistical data analysis method 

❖ 6 hours 

❖ 12 hours 

❖ 24 hours 

Dependent variables 

- Number of seeds 

released 

3. To analyze the 

correlations between 

cone width, exposure 

period and 

germination 

temperature on seed 

germination. 

Independent variables 

1. Cone width  

❖ Wide cones 

❖ Narrow cones 

2. Exposure periods  

❖ 6 hours 

❖ 12 hours 

❖ 24 hours 

3. Germination temperature 

❖ 22℃ 

❖ 27℃ 

❖ 32℃ 

-Trends graphs 

-ANOVA, Post hoc test (Tukey HSD) 

-Pearsons’s correlation analysis 

-Regression analysis 

Dependent variables 

-Number of seeds 

germinated 

4. To analyze the 

correlations between 

cone weight, exposure 

periods and 

germination 

temperature on seed 

germination. 

Independent variables 

1. Cone weight  

❖ Wide cones 

❖ Narrow cones 

2. Exposure periods  

❖ 6 hours 

❖ 12 hours 

❖ 24 hours 

3. Germination temperature 

❖ 22℃ 

-Trends graphs 

-ANOVA, Post hoc test (Tukey HSD) 

-Pearsons’s correlation analysis 

-Regression analysis 
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Research Objectives Variables Statistical data analysis method 

❖ 27℃ 

❖ 32℃ 

Dependent variables 

-Number of seeds 

germinated 
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CHAPTER FOUR 

RESULTS 

4.1 Effect of cone width and exposure period on seed release. 

For the groups within the first exposure treatment; L1, H1, N1, and W1, the number of 

seeds released per cone ranged from 0-81, 0-128,1-103, and 4-107 respectively. The seed yield 

reduced with progression in time with much of the seed released within the first hours of seed 

extraction (Figure 4). Overall, there were significant differences (p=0.001) within the groups 

based on extraction period and cone physical characteristics.  

 

Figure 4:Mean seed yield at the end of extraction periods; 6, 12 and 24 hours, based on the 

cone characteristics 

In all three phases of extraction, cone physical characteristics showed a significant 

influence on seed yield at p=0.05. In the first phase of extraction, significant differences in seed 

yield emerged between light and narrow cones F=6.0118 (Fcrit=1.5458), (Appendix 6) whereas 

heavy and wide cones showed no significant differences within this extraction period at p=0.24. 

F test between groups revealed a significant difference in seed yield as a result of cone width 

as compared to cone weight (p=0.001).    

4.2 Effect of cone weight and exposure period on seed release  

The mean cumulative number of seeds per cone from each of the categories was as 

follows: L=28, H=50, N=38 and W=56 (Figure 5). Optimum seed release was observed at the 

end of the first 6 hours with the highest yield from wide cones with 64% of the total seed 

released. Cone weight and cone width were found to be positively correlated with the number 

of seeds released whereas an increase in size showed an increase in the number of seeds 

 

  

6 hrs 24 hrs 12 hrs 

H (heavy), L (light), N (narrow), W (wide) 
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released. 

 

Figure 5: Seed release corresponding to extraction exposure periods and cone characteristics 

The extraction rate was highest within the first six hours and with wide cones 

demonstrating the best performance yielding an average of six seeds per cone per hour (Figure 

6). The extraction rate in all the groups dropped as the extraction period increased with the 

lowest observed in narrow cones (0.4 seeds per cone per hour) between 12 and 24 hours. 

 

Figure 6: Extraction rates of seeds from Light (L), Heavy (H), Narrow (N) and Wide (W) cones 

4.3 Correlations between cone width, exposure period and germination temperature on seed 

viability. 

In the category of cones grouped on basis of cone width, seed extraction periods showed 

weak negative relationships with germination performance in seeds extracted from narrow 

cones. Similarly, germination temperature also showed weak negative but significant 

relationships with germination performance in this narrow cone category (Table 5).  
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Table 5: Pearson correlation coefficient for germination of seeds from narrow cones 

Variables Germination 

temperature  

Extraction 

period 

Germination 

performance  

Germination temperature  1   

Extraction period  .100ns 1  

Germination performance -.244** -.323** 1 

**. Correlation is significant at p< 0.05 level; ns: p>0.05 correlation not significant 

In this (narrow) cone category germination trends, the highest germination percentage 

(69.0%) was observed from seeds extracted in the first six hours and exposed to 32℃ for 

germination and the least (25.5%) was observed from seeds of the last twelve hours of 

extraction exposed to a germination temperature of 22℃ (Appendix 9). 

Analysis of correlations in seed germination performance of seeds from the wide cones 

under the varied extraction periods and different germination temperature conditions showed 

some positive relationships but no significant relationships between germination success and 

germination temperature (Table 6). 

Table 6: Pearson correlation coefficient for germination of seeds from wide cones 

Variables Germination 

temperature  

Extraction period  Germination 

performance 

Germination 

temperature  
1   

Extraction period -.085ns 1  

Germination 

performance  
.086ns -.128ns 1 

ns: p>0.05 correlation not significant 

There were insignificant differences in germination in the three chamber temperatures 

as demonstrated in the germination trends. On the other hand, there were significant differences 

in germination performance of seeds from wide cones in relation to the extraction exposure 

periods with F=16.415 (Fcrit=4.757), p=0.0027 the seeds showing better germination 

performance at the three chamber temperatures in the wide cones category were from cones 

exposed to extraction for 24 hours without breaks.  
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4.4 Correlations between cone weight, exposure period and germination temperature on 

viability. 

Cone weight and extraction exposure periods generally showed a negative relationship 

with germination. Germination performance negatively interacted with both germination 

temperatures and extraction exposure periods when cone weight was considered. 

Moderately strong negative and significant correlation was observed in seed 

germination performance from seeds of light cones with effects from extraction periods. 

Germination performance and germination temperature correlated positively, weakly and 

insignificant (Table 7). 

Table 7: Pearson correlation coefficient for germination of seeds from light cones 

Variables Germination 

temperature 

Extraction period Germination performance 

Germination 

temperature 
1   

Extraction period .007 1  

Germination 

performance 
.085 -.618** 1 

**. Correlation is significant at p< 0.05 level; ns: p>0.05 correlation not significant 

 

Seeds exposed to the three extraction periods from heavy cones showed weak but 

positive interaction with germination performance. This weak positive correlation was not 

statistically significant (Table 8). For this group the germination performance negatively 

correlated with germination temperature conditions but it was also not significant. 

Table 8: Pearson correlation coefficient for germination of seeds from heavy cones 

Variables Germination 

temperature 

Extraction period  Germination 

performance 

Germination 

temperature 
1   

Extraction period  -.004ns 1  

Germination 

performance 
-.034ns .089ns 1 

ns: p>0.05 correlation not significant 
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Under controlled conditions, germination was observed to begin from 7 to 9 days. Seed 

extracted from heavy (90%) and wide (80%) cones after 24 hours, generally showed better 

germination performance cumulatively under 27℃ chamber conditions (Appendix 9). Seeds 

from light cones subjected to 24 hours exposure for extraction and set at 32℃ chamber 

conditions had the least cummulative germination percent 26.3%. The early radicle emergers 

were observed at 32 and 27 ℃ chamber temperatures with late risers at 22℃.  

Germination performances analysed by ANOVA for seed samples from heavy cones 

extracted in phases and also in 24 hours without breaks showed no significant differences in 

germination performance of seeds germinated under the three chamber conditions.  There were 

also no significant differences in germination resulting from the exposure periods. This 

indicates that differences in germination of seeds from the heavy cones group were not 

significant either with extraction period or with germination chamber temperature as a factor. 

A similar performance was experienced in seeds from light cones. 
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CHAPTER FIVE 

DISCUSSION 

5.1 Influence of cone width and exposure period on seed release. 

There was difference in seed yield as a result of cone characteristics and extraction 

exposure duration. This concurs with previous case studies on P. sylvestris and P. koraiensis 

clonal seed orchards that were expected to express homogeneity in phenotypic traits, showed 

variations in cone and seed characters (Ganatsas et al., 2008; Matziris, 1998; Weng et al., 

2020). These characters were as follows: cone length, cone width, cone weight, apophysis 

length, apophysis width, number of filled seeds, the total number of seeds, seed length, seed 

width, seed weights, opened carpel and the total number of carpels (Sevik & Topacoglu, 2015; 

Bilir et al., 2008). Seed production from seed orchards has been suggested to be enhanced by 

improving cone traits such as cone abundance per tree, number of seeds per cone and seed 

weight (Fernando, 2014; Hauke-Kowalska et al., 2019).  

Taking into consideration, cone width as a measure of cone size, the findings indicated 

that wide cones released more seed cumulatively and also demonstrated better initial seed 

release quantities. The current findings corroborate with previous work (Angaine et al., 2020; 

Dylewski et al., 2021; Nieto De Pascual-Pola et al., 2003) that, other factors notwithstanding, 

the size of cones is positively correlated with seed yield.  

Pinus densiflora cones produced across different geographic and climatic zones in 

Japan showed variations in cone characteristics (cone and seed size, seed production and 

productivity per cone) (Iwaizumi et al., 2019). In these natural populations, cone size (length 

width and mass) was shown to influence seed productivity (number of filled seeds per cone, 

seed mass per cone). Across the sites, it was noticed that the larger the cone size, the higher the 

seed productivity per cone and thus the higher resource use efficiency. These findings are in 

agreement with the current study. Better productivity from bigger cones across the 

environments insinuated that the larger the cones, the higher the elasticity to environmental 

changes (Iwaizumi et al., 2019). Some authors for Pinus thunbergii, P. roxburghii, and P. 

canariensis have suggested that it is more adaptive and worth the investment to produce a 

limited number of larger cones and at specific crown positions for optimal growing rather than 

producing excess cones that contribute little to the reproductive success (Iwaizumi et al., 2021).  

5.2 Influence of cone weight and exposure period on seed release. 

The results from this study showed that there was a positive effect of exposure period 

on seed release cumulatively. An increase in extraction exposure period, regardless of the 

cone’s physical characteristics, ultimately resulted to increased seed output. High temperatures 
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cumulatively favour seeds released over time (Garcillán, 2010; Romero & Ganteaume, 2020; 

Wyse et al., 2019). Notably, the extraction rate was optimal within the first six hours as the 

individual cone seed output was observed to be highest within this extraction period. Low 

extraction rate (0.4 seeds per cone per hour) and cumulative low seed numbers were observed 

for narrow cones at the end of 24 hours under controlled conditions.  

 Many factors have been attributed to poor cone opening such as high moisture 

levels, due to early harvesting, fungal  and insect damage as well as case hardening of cones 

during storage (Ayari et al., 2016; Ayari & Khouja, 2014; Horstmann et al., 2022; Matziris, 

1998). There were instances of cone inverse opening with increase in exposure duration where 

the scales deflected downwards towards the scar. In this study, most of the cones that did not 

open were the narrow ones subjected to natural sun-drying conditions for 21 days. These cones 

had signs of either physical damage or fungal attack. Another possible explanation was the 

natural changes of temperature and humidity in the air that might have facilitated reclosing of 

cones as experienced in Pinus halepensis (Singh et al., 2017).  

Delays in P. patula and P. radiata cones opening due to moisture levels had been shown 

to be less significant in previous studies, showed temperature had a significantly greater 

influence on cone opening than moisture content (Onyango et al., 2020; Wyse et al., 2019). In 

addition to cone dimensions, serotinous species have been shown to experience challenges in 

opening even in the presence of fire mostly attributed to genetic attributes referred to the resin 

bonding strength (Lamont et al., 2020). Thus, this study could not rule out the possibility of 

the delays experienced especially in narrow cones being linked to similarities in genes. 

Results from this study identified seed number as dependent on cone characteristics, 

and their viability as an independent variable and unpredictable from the outward appearance 

of the cone. The highest seed yield did not necessarily mean the highest germination percent. 

However, based on cone characteristics such as width and weight, seed yield and germination 

could be inferred as wider cones yielded more seeds and better germination potential was from 

heavy cones. Cones of P. sylvestris have been characterized on the basis of differences in the 

ability to adapt to changes in environment and intensity of cone production.  

According to the current study, the differences in the selected parameters contributed 

to the dissimilarities in reproductive processes, survivability, growth and development energy 

within the pine stand (Neyko et al., 2020). In other studies, investigating the effects of 

inbreeding depression on seed production in Scots pine, it was discovered that while the 

numbers of extractable seeds were unaffected by inbreeding, the proportion with fully 

developed embryos (full seeds) was strongly affected. This demonstrated that the levels of 
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abortion and germination was affected by levels of self-fertilization; as the yield of full seeds 

per cone declined with increased self-fertilization (Mullin et al., 2019). Therefore, the lower 

yielding cones in this study, in terms of number of seeds per cone could have suffered some 

genetic depression. 

5.3 Correlations between cone width, exposure period and germination temperature on 

seed viability 

Variations in seed germination performance has been noted in the results of the current 

study with differences in cone traits and changes in extraction exposure period and germination. 

Within the groups, based on extraction period the first phase of extraction, twelve hours showed 

positive influence on germination potential in the three chamber conditions. However, there 

was steady decline of germination with progression in extraction phases in groups L and N 

(seeds from light and narrow cones) whereby as the extraction time increased the number of 

seeds germinated reduced at warmer chamber temperatures.  

The trends in the narrow cones category showed germination sensitivity was affected 

by seed extraction exposure periods as increased exposure periods within the phases of 

extraction had declining germination performance. The variations in germination exhibited 

based on the cone width characteristic showed much sensitivity to exposure periods of 

extraction and temperature intolerance by how wide or narrow a cone is. Narrow cones 

exhibited much intolerance to temperature variations, (cooling within breaks) as extracted 

seeds showed more deterioration with changes or increase in exposure periods and germination 

temperature (Bae & Kim, 2020; Koba & Zhigalova, 2019).  

The current research, observed differences in seed coat colour which ranged from light 

brown to dark brown seeds and the shades were mostly consistent with the cone colour, where 

light brown seeds were from lighter shade of brown cones. Selection of forest tree seeds for 

nursery use focused on obtaining seed material with the expected biological characteristics has 

been done using the correlation of seed germination capacity based on  their physical properties 

such as seed coat colour, mass, density, size, shape, aerodynamic characteristics, coefficient of 

friction, surface textures (Batkhuu et al., 2020; Kaliniewicz et al., 2014; Udval & Batkhuu, 

2013).  

This study focused on the germination capacity as post germination performance which 

have been shown to even out in the field over time as the seedlings get established. Germination 

performance has been used to characterize the physiological quality of pine seeds (Novikov et 

al., 2021). Several parameters have been used to characterize germination performance of pine; 

lodgepole pine (Pinus contorta) seed lots. These include; germination the time of germination 
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onset (lag), germination speed (rate), and extent or capacity (cumulative germination 

percentage at the end of the testing period). Further investigations showed that germination 

capacity (% germination) was the most important parameter in determining the suitability of a 

seedlot for commercial use, but germination rate influences the uniformity of emergence in 

nurseries (El-Kassaby et al., 2008; Yousefpour et al., 2017).  

 Previous studies have shown that both environmental and genetic factors influences 

the potential of trees to produce fertile quality seeds whereby depending on the trees species 

seed germination varied according to latitude, elevation, soil moisture, soil nutrient, 

temperature, type and density of plant cover, and degree of habitat disturbance of the site where 

the seeds are matured important role in determining a forest tree’s potential for seed quality 

and seed fertility (Batkhuu et al., 2020; Beckman et al., 2020; Guemri et al., 2019; Zhang et 

al., 2020). 

Other studies have shown instances where there is positive correlation between the 

extraction exposure period, cone productivity and germination. In these studies, cone and seed 

germination traits were shown to be genetically inclined (Correia et al., 2014). In an effort to 

understand the effects of cone size and seed mass on recruitment of maritime pine, results 

demonstrated that, although seed weight was suggested to be an indicator of robust seedlings, 

heavier cones tended to generate more mature seeds, but not necessarily heavier ones. Overall, 

according to the study, for maritime pines, in as much as seed mass was an indicator for 

seedling growth, seedling viability was not compromised by seed mass. A positive relationship 

was found between seed size and seedling growth pointing that larger seeds were more likely 

to survive after heat shocks (Maia & Corticeiro, 2022).  

Seeds extracted from cones in the light category at the end of the 24 hours without 

breaks, had the lowest germination performance while the best performance was from heavy 

cones within the same germination condition (32℃). The results of this study show that 

germination rates decline with increase in exposure period within the three phases of extraction. 

Exposure to higher seed extraction temperatures have been shown to negatively influence 

germination of pine seeds (Aniszewska et al., 2019).  

5.4 Correlation between cone weight, exposure period and germination temperature on 

seed viability 

Seeds from heavy cones exhibited lower seed moisture indicating fuller embryo thus 

little space for water. Lower seed moisture content reduces the risk of thermal shock depending 

on the germination temperature conditions (Barbour, 2007).  
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Additionally, heavy cones could be expected to have better insulating properties 

protecting the seeds from deteriorating when exposed for longer periods. As a result of these 

differences in cone characteristics and exposure duration, seeds responses to thermal shocks 

are also different. Moisture content has been shown to affect seed deterioration rate and has 

impacted on storage longevity of seeds (Mutai, 2018; Tangney et al., 2019). Thus, drying of 

seeds has been known to increase the storage life. Warmer temperatures were demonstrated to 

have an overall better germination which dropped with lower temperatures.  

Whereas wide cones yielded the most seed, the highest germination was observed from 

seeds of heavy cones. A comparison of the results shows that increasing seed exposure 

durations phases at the constant temperatures of 65℃ increased in the percentage of seed 

germination and is lower in lighter cones. Insulation capacities of cones have been shown to 

differ between species and within pine species with other species such P. halepensis shown to 

be more resistant to higher temperatures, whereas P. nigra and P. sylvestris experienced 

inhibited seed germination at higher temperatures (Habrouk et al., 1999; Lamont et al., 2020; 

Lovreglio et al., 2007). 

Seed germination is shown to deteriorate more when extracted in phases or in breaks 

than when exposed to a full 6 hours or an entire 24 hours. The breaks could indicate brief 

changes in temperature and humidity after the beginning of cone opening. This shows the 

extraction conditions, seed sensitivity and tolerance, during seed handling also influences seed 

germination behaviour. Constant extraction conditions positively influenced the seed 

germination. 

The mean germination and early survival did not differ significantly between the groups 

selected samples germinated under open nursery conditions. Seeds from narrow cones 

extracted in the second phase had the lowest survival. Extended drying periods did not 

significantly lead to decreased seed quality under nursery conditions as the varied exposure 

duration effect somehow evened out during the seedling early survival.  

Notably, germination seemed to decline for seeds extracted in day 11 and 12. Seeds 

extracted within the first 3 to 7 days under drying bed conditions exhibited better germination 

performance. Germination vigour observed early and late radicle emergers in comparison had 

similar overall performance. As expected, germination temperature conditions played a crucial 

role in initiating germination. An earlier study had pointed out temperature among other factor 

as most influential in germination rate and synchrony (Bravo-Navas & Sánchez-Romero, 

2022).   
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Numerous approaches have been devised in attempts towards improving technologies 

for assessing cone properties and seed germination capacity. These include; use of uv radiation 

(Ozel et al., 2021), alteration of storage conditions (Makhniova et al., 2019; Xiang et al., 2019), 

mathematical modelling of germination parameters (El-Kassaby et al., 2008; Omondi et al., 

2020), use of  x-ray radiography to determine fullness of seeds (Karamysheva et al., 2020; 

Nieto De Pascual-Pola et al., 2003), macro or micronutrients (nutripriming) or plant-based 

natural extracts as hydration media (Farooq et al., 2019) just to mention a few.  
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions  

All the four hypotheses were rejected as the study established significant influences of 

cone physical characteristics, extraction exposure periods and germination temperature on seed 

yield and subsequent seed germination performance of P. patula. 

P. patula cones have demonstrated variations in cone weight and cone width from a 

single even aged seed source. Cone width had a greater influence on the amount of seed release 

than cone weight because of the significant differences in seed output of individual cones 

within the cones in the wide category. Wider cones consistent showed better and positive 

responses to heat in relation to the quantity of seed released throughout the extraction exposure 

phases. This could be explained as the advantage wide cones have in the scales flexibility; 

greater cone scales surface area for heat absorption, and more room for scale deflection going 

by cone shape. 

Longer exposure durations led to cumulative increase in P. patula seed yield but the 

first few hours yielded optimum number of seeds. The first few hours played both functions of 

cone drying, resin melting and cone scale opening. A combination of processes such as the 

reduced cone moisture contents, weakened bonding strength within the scales by removal of 

the resin, and low surrounding (oven) air pressure due to heating causes the cones to give in by 

bursting. This under-pressure release explains the high numbers of seed released within the 

first few hours of extraction from the four cone groups.  

Germination of seeds from big size cones showed better correlations with extraction 

exposure periods and germination temperature. P. patula cone weight showed greater influence 

on germination than cone width. Seeds produced from heavy cones gave better germination 

performance than those from wide, light and narrow cones.  Bigger cones have demonstrated 

better capacity in producing fuller seeds, protective (insulation) abilities and overall elasticity 

to environmental changes. Thus, these properties by extension, encourage development and 

production of sound, robust, equally resilient seeds.  

Seed germination conditions had greater influence on germination than the extraction 

exposure durations and cone characteristics. This was shown in the higher seed germination 

performance trends at 32℃. This could be explained as increased seed vigour with warmer 

temperatures. Radicle emergence and physiological process during germination seems to be 

favoured by warm temperature as low germination temperatures give a chilling effect thereby 

increasing the inhibition mechanisms of seeds. 
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The findings from this study informs the germination behaviour of freshly extracted 

pine seed based on cone characteristics, extraction durations and germination temperature 

conditions. Also, it can be applicable in handling and conservation of pine seeds in the wake 

of changes in environmental factors such as temperatures and rainfall. In the event, pine 

seeding season’s change as a result of aging stands or climate change, germplasm producers 

could use cone characteristics to optimize seed collection and conduct breeding for seed 

production based on mother trees crown and cone characteristics.  

6.2 Recommendations  

i. It is recommended that seed extraction could be focused within six hours for energy 

conservation and improved efficacy in seed extraction through artificial heating. 

ii. Germination under controlled temperatures showed consistency for recommendation of 

warmer temperatures between of 27℃ to 32℃ for higher germination performance.  

iii. To enhance the germination performance of germplasm resources, cone sorting of Pinus 

patula for wider and heavier cones is recommended from improved seed extraction and 

germination potential.  

iv. Further studies should be carried out on P. patula seed storage behaviour in relation to 

germination potential. 
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APPENDICES 

Appendix A: Data collection tools 

 i) Trees selection and cone collection 

Tree 

No. 

dbh  

(cm) 

Ht 

(m) 

Number 

of cones 

collected 

Remarks  

     

     

     

     

     

     

 

ii) Cone characteristics and grouping 

Tree 

no 

 

Cone 

no. 

Weight 

(g) 

Width(cm) Category Seed 

count  

I 

Seed 

count 

II 

Seed 

count 

III 

Remarks 
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iii) Seed moisture content form recording  

Seed lot Replicate  Wt of empty 

petri dish 

with lid (g) 

Wt of petri 

dish with lid 

+ seed 

before 

drying (g) 

Wt of 

Petri dish 

with lid + 

seed after 

drying (g) 

Moisture 

content 

% 

 

  W1 W2 W3 (W2-

W3)/ 

(W2-

W1) × 

100 

Mean 

(R I + R 

II)/2 

 I      

 II      

 I      

 II      

 I      

 II      

 I      

 II      

 I      

 II      

 I      

 II      

 I      

 II      

 I      

 II      

 I      

 II      

 I      

 II      
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Appendix B: Data collection  
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Appendix C: Descriptive statistics of sampled trees 
 

dbh  Cone weight  Cone width 

Mean (x) 34.6 28.5 2.8 

Standard Error (±) 1.21 1.20 0.04 

Median 36 28.5 2.8 

Mode 30 26.7 2.9 

Standard Deviation 7.730262 7.690334 0.273393 

Sample Variance 59.75695 59.14124 0.074744 

Range 28.2 33.1 1.3 

Minimum 18 9.3 2.1 

Maximum 46.2 42.4 3.4 

Sum 1419.3 1168.4 114.7 

Count 41 41 41 

Confidence Level (95.0%) 2.44 2.43 0.09 

 

Appendix D: Variation in seed yield based on cone characteristics and phases of 

extraction  

Treatm

ent  

L1 H1 N1 W1 L2 H2 N2 W2 L3 H3 N3 W3 

Mean 

seed 

yield 

(x±se) 

15.7

±1.3

8 

30.9

±2.3

1 

29.8

±3.1

5 

37.0

±3.3

6 

8.0±

0.62 

11.3

±0.8

6 

6.2±

0.69 

11.8

±1.4

5 

4.76

±0.4

2 

7.1±

0.72 

5.2±

1.10 

7.5±

1.13 

sd 15.4

9 

27.5

8 

25.5

9 

26.0

5 

6.96 10.2

8 

5.61 11.2

5 

4.66 8.61 8.93 8.74 

ci 2.73

3 

4.56

1 

6.29

2 

6.73

1 

1.22

7 

1.69

9 

1.37

9 

2.90

7 

0.82

1 

1.42

4 

2.19

4 

2.25

8 

% seed 

yield 

55 63 74 66 28 23 14 21 17 14 12 13 
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% 

cumula

tive 

seed 

yield 

55 63 74 66 83 86 88 87 100 100 100 100 

Perfor

mance-

based 

on the 

extract

ion 

phase  

64 22 14 

*L, H,N,W : cone characteristics light , heavy, narrow, wide and wide cones, 1,2,3 : seed extraction 

exposure periods from 0 to the 6th hour, 6th hour to the 12th hour and the 12th hour to the 24th hour, 

x:group mean, se:standard error, sd:standard deviation, ci: confidence interval 

 

Appendix E: Seed moisture content for seeds extracted at varied extraction periods 

Seed

Lot 

W

1 

W

2 

W

3 

H 

1 

H2 H3 L1 L2 L3 N1 N2 N3 W

24 

H 

24 

L 

24 

N  

24 

mean 

smc 

6.2

12 

5.1

39 

4.8

94 

3.0

91 

2.0

34 

4.9

01 

5.6

38 

5.0

26 

1.6

39 

4.3

85 

1.3

56 

2.0

18 

5.7

99 

1.3

92 

4.7

44 

2.6

15 

*Letters W, H, L, N denotes cone characteristics wide, heavy, light and narrow respectively. 

Numeric 1,2, 3 stand for extraction periods in phases 6 hours, 12 hours and 24 hours. Numeric 24 

stands for 24 hours of extraction without breaks. 

 

Appendix F: Pairwise comparison of seed extraction performance based on cone 

characteristics 

Descriptive statistics for seed extraction at 6 hours 

 W H N L L W N H N W L H 

Mean 36 38 28 12 12 36 28 38 28 36 12 38 

F 0.83 6.01 0.17 0.82 1.00 0.30 
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P(F<=f

) 0.24 *0.001 0.001 0.22 0.50 0.001 

FCritical  0.65  1.55  0.65 0.65  1.55  0.75 

Descriptive statistics for seed extraction at 12 hours 

 H N H W L N L W N W L H 

Mean 7 5 7 11 5 5 5 11 5 11 5 7 

F 1.91 
 

0.36  1.15  0.22  0.25  0.43  

P(F<=f

) 
0.01  0.001  0.30  0.001  0.001  0.001  

FCritical  1.55   0.64   1.55  0.65   0.66   0.75  

Descriptive statistics for extraction at 24 hours 

 H N H W H L L N L W N W 

Mean 6 4 6 7 6 4 4 4 4 7 4 7 

F 0.52 0.56 2.75 0.19 0.20 1.06 

P(F<=f

) 
0.008 0.015 *0.001 0.001 0.001 0.41 

FCritical  0.64  0.65  1.55 0.65  0.65  1.55 

*  p≤0.05 correlation is significant 

 

Appendix G: Pairwise comparisons in cumulative seed yield based on cone 

characteristics 

Descriptive statistics for cumulative seed extraction 

 N W L N L H W H H N W L 

Mean 38 56 28 38 28 50 56 50 50 38 56 28 

F 0.78 
 

0.31  0.34  1.39  0.93  4.12  

P(F<=f) 0.17 
 

0.001  0.001  0.11  0.39  *0.001  

FCritical  0.65   0.65   0.65  1.55   0.65   1.55  

 *  p≤0.05 correlation is significant  
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Appendix H: Examples of cone inverse deflection  

 

Appendix I: Series of germination trends based on different seed extraction and 

germination conditions.  

 

 

     

 

 

 

 

 

 

 

  

       

 

(a) (b) 

(c) (d 
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Appendix J: Extraction exposure durations, seed yield, and germination correlation 

matrix. 

 

Appendix K: Seedlings performance experiment in nursery conditions  

 

Appendix L: Summary of ANOVA based on cone characteristics, extraction exposure 

periods and germination temperature conditions. 

Source of Variation W SS df MS F P-value F crit 

Germ.temp 0.014589 2 0.007294 1.246779 0.352521 

5.1432

53 

Ext.exposure 0.288102 3 0.096034 16.41425 0.002686 

4.7570

63 
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Error 0.035104 6 0.005851 
   

Total 0.337794 11         

Source of Variation N SS df MS F P-value F crit 

Germ.temp 0.056932 2 0.028466 4.230367 0.07143 

5.1432

53 

Ext.exposure 0.143225 3 0.047742 7.09498 0.02125 

4.7570

63 

Error 0.040374 6 0.006729 
   

Total 0.24053 11         

Source of Variation L SS df MS F P-value F crit 

Germ.temp 0.047241 2 0.023621 4.076726 0.076184 

5.1432

53 

Ext.exposure 0.051019 3 0.017006 2.935131 0.121283 

4.7570

63 

Error 0.034764 6 0.005794 
   

Total 0.133024 11         

Source of Variation H SS df MS F P-value F crit 

Germ.temp 0.047724 2 0.023862 0.618935 0.569668 

5.1432

53 

Ext.exposure 0.014232 3 0.004744 0.123054 0.943109 

4.7570

63 

Error 0.23132 6 0.038553 
   

Total 0.293277 11         
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Appendix M: Tukey multiple comparisons of means 95% family-wise confidence level 

for comparison of seed yield, cone characteristics and exposure period. 

 

*L=seed yield from light cones, T=Extraction period, H=Seed yield from heavy cones 

One-way ANOVA: L versus T  
Source   DF       SS     MS      F      P 

T         2   1647.9  823.9  15.56  0.000 

Error   174   9214.8   53.0 

Total   176  10862.6 

S = 7.277   R-Sq = 15.17%   R-Sq(adj) = 14.19% 

                           Individual 95% CIs For Mean Based on 

                           Pooled StDev 

Level   N    Mean   StDev    +---------+---------+---------+--------- 

 6     59  11.627  10.736                           (-----*-----) 

12     59   5.424   5.282      (-----*-----) 

24     59   4.915   3.962    (-----*------) 

                             +---------+---------+---------+--------- 

                           3.0       6.0       9.0      12.0 

Pooled StDev = 7.277 

Tukey 95% Simultaneous Confidence Intervals 

All Pairwise Comparisons among Levels of T 

Individual confidence level = 98.07% 

T =  6 subtracted from: 

T    Lower  Center   Upper  --------+---------+---------+---------+- 

12  -9.368  -6.203  -3.039   (--------*--------) 

24  -9.876  -6.712  -3.547  (--------*--------) 

                            --------+---------+---------+---------+- 

                                 -7.0      -3.5       0.0       3.5 

T = 12 subtracted from: 

T    Lower  Center  Upper  --------+---------+---------+---------+- 

24  -3.673  -0.508  2.656                    (--------*--------) 

                           --------+---------+---------+---------+- 

                                -7.0      -3.5       0.0       3.5 

One-way ANOVA: H versus T  
Source   DF     SS     MS      F      P 

T         2  39478  19739  64.81  0.000 

Error   174  52993    305 

Total   176  92471 

S = 17.45   R-Sq = 42.69%   R-Sq(adj) = 42.03% 

                         Individual 95% CIs For Mean Based on 

                         Pooled StDev 

Level   N   Mean  StDev  ---------+---------+---------+---------+ 

 6     59  38.69  28.71                              (--*---) 

12     59   7.81   6.81    (---*--) 

24     59   6.27   6.58  (---*---) 

                         ---------+---------+---------+---------+ 

                                 12        24        36        48 

Pooled StDev = 17.45 

 

Tukey 95% Simultaneous Confidence Intervals 

All Pairwise Comparisons among Levels of T 

Individual confidence level = 98.07% 

T =  6 subtracted from: 

 

T    Lower  Center   Upper  -------+---------+---------+---------+-- 

12  -38.47  -30.88  -23.29   (----*----) 

24  -40.01  -32.42  -24.84  (----*----) 

                            -------+---------+---------+---------+-- 

                                 -30       -15         0        15 

T = 12 subtracted from: 

 

T   Lower  Center  Upper  -------+---------+---------+---------+-- 

24  -9.13   -1.54   6.05                       (----*----) 

                          -------+---------+---------+---------+-- 

                               -30       -15         0        15 
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*N=seed yield from narrow cones, T=Extraction period, W=Seed yield from wide cones 

 

 

One-way ANOVA: N versus T  
Source   DF     SS     MS      F      P 

T         2  21458  10729  41.37  0.000 

Error   174  45121    259 

Total   176  66579 

S = 16.10   R-Sq = 32.23%   R-Sq(adj) = 31.45% 

                         Individual 95% CIs For Mean Based on 

                         Pooled StDev 

Level   N   Mean  StDev  +---------+---------+---------+--------- 

 6     59  28.36  25.92                          (---*---) 

12     59   5.39   4.92   (---*----) 

24     59   4.63   9.05  (----*---) 

                         +---------+---------+---------+--------- 

                         0        10        20        30 

Pooled StDev = 16.10 

Tukey 95% Simultaneous Confidence Intervals 

All Pairwise Comparisons among Levels of T 

Individual confidence level = 98.07% 

T =  6 subtracted from: 

T    Lower  Center   Upper   -+---------+---------+---------+-------- 

12  -29.97  -22.97  -15.96    (------*------) 

24  -30.73  -23.73  -16.73   (------*------) 

                             -+---------+---------+---------+-------- 

                            -30       -20       -10         0 

 

T = 12 subtracted from: 

T   Lower  Center  Upper   -+---------+---------+---------+-------- 

24  -7.76   -0.76   6.24                          (------*------) 

                           -+---------+---------+---------+-------- 

                          -30       -20       -10         0 

One-way ANOVA: W versus T  
Source   DF     SS     MS      F      P 

T         2  28568  14284  48.89  0.000 

Error   174  50838    292 

Total   176  79405 

S = 17.09   R-Sq = 35.98%   R-Sq(adj) = 35.24% 

                         Individual 95% CIs For Mean Based on 

                         Pooled StDev 

Level   N   Mean  StDev  -------+---------+---------+---------+-- 

 6     59  36.42  25.91                               (---*----) 

12     59  11.86  11.31      (----*---) 

24     59   7.59   8.78  (----*---) 

                         -------+---------+---------+---------+-- 

                               10        20        30        40 

Pooled StDev = 17.09 

Tukey 95% Simultaneous Confidence Intervals 

All Pairwise Comparisons among Levels of T 

Individual confidence level = 98.07% 

 

T =  6 subtracted from: 

T    Lower  Center   Upper    +---------+---------+---------+--------- 

12  -31.99  -24.56  -17.13       (------*-----) 

24  -36.26  -28.83  -21.40    (-----*-----) 

                              +---------+---------+---------+--------- 

                            -36       -24       -12         0 

 

 

T = 12 subtracted from: 

T    Lower  Center  Upper    +---------+---------+---------+--------- 

24  -11.70   -4.27   3.16                        (-----*------) 

                             +---------+---------+---------+--------- 

                           -36       -24       -12         0 
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Appendix N: Regression equations for predicting germination  

 

*Equation 1: germ=germination performance (%), GT = germination temperature (℃), expo= 

extraction period (hours). 

*Equation 2: germ_1= germination performance (%), exp= extraction period (hours), gt_1= 

germination temperature (℃) 

Appendix O: List of publications 

1. Influence of Cone Physical Characteristics and Extraction Exposure Period on 

Seed Yield of Pinus patula 

 

 

Regression Analysis: germ versus GT, expo by cone width 
 
The regression equation is 

germ = 40.7 + 0.70 GT - 0.913 expo 

 

 

Predictor     Coef  SE Coef      T      P 

Constant     40.69    34.28   1.19  0.269 

GT           0.699    1.025   0.68  0.514 

expo       -0.9128   0.2037  -4.48  0.002 

 

 

S = 9.72557   R-Sq = 87.7%   R-Sq(adj) = 84.6% 

 

 

Analysis of Variance 

 

Source          DF      SS      MS      F      P 

Regression       2  5393.9  2696.9  28.51  0.000 

Residual Error   8   756.7    94.6 

Total           10  6150.5 

 

  

Regression Analysis: germ_1 versus exp, gt_1 by cone weight 
 
The regression equation is 

germ_1 = 35.5 - 0.238 exp + 0.500 gt_1 

 

 

Predictor     Coef  SE Coef      T      P 

Constant     35.50    21.15   1.68  0.128 

exp        -0.2381   0.4872  -0.49  0.637 

gt_1        0.5000   0.7292   0.69  0.510 

 

 

S = 12.6296   R-Sq = 7.3%   R-Sq(adj) = 0.0% 

 

 

Analysis of Variance 

 

Source          DF      SS     MS     F      P 

Regression       2   113.1   56.5  0.35  0.711 

Residual Error   9  1435.6  159.5 

Total           11  1548.7 

1 

2 
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2. Effect of Seed Extraction Period and Germination Temperature on Viability of 

Pinus patula Under Controlled Conditions 
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Appendix P: Research permit 

 


