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Abstract

The future utility value of seeds of Euphorbia, Kalanchoe and Edithcolia pose
challenges as none has been investigated for storage longevity under seed bank
conditions yet their wild populations are threatened by over-exploitation During
storage, seed moisture content is one of the factors known to affect seed longevity in
general, but no study has quantified the effect of moisture content and other factors
implied in literature. Therefore in this study, these challenges are addressed through
the objectives; I) to determine comparative longevity in seeds from single populations
of 24 species from three succulent genera, 2) to determine seed -longevity differences
between three populations of four species within the genus Euphorbia, 3) to quantify
moisture relations of longevity _in six Euphorbia species, and 4) to determine how
various factors such as moisture sorption properties, oil content, climate and seed
structure affect longevity in at least five Euphorbia species. Seed-lots collected from
diverse field sites in Kenya and representative for species were dried in a Gene bank
dry room at 20 degrees celcius -(0C) and 15% relative humidity (rh) prior to sub-
samples being tested for comparative longevity at 45°C and 60% rh using a defined
protocol. A viability model was used to determine moisture effects on longevity
following controlled ageing tests for seed sub-samples held at six moisture contents
(range 4 - 9%) at 45°C. Water sorption properties were assessed in an automated
IGAsorp at 45°C and oil content determined using supercritical carbon dioxide
extraction performed by a fat analyser. Seed structure was assessed after longitudinal
sections of seeds were photographed using a colour Carl Zeiss camera and area
occupied by the embryo and endosperm traced thus enabling calculation of the
respective seed area. Dry weights were assessed gravimetrically after seeds were dried
for 17 hours at 103°C according to the International Seed Testing Association (1STA)
procedure for oily seeds. Using.geographical information system, climate data for six
months post seed dispersal were derived from Wordclim against latitude and
longitude data taken at the point of seed collection. Results revealed greater intra-
genus differences for species. from the genus Euphorbia compared with species from
the genus Kalanchoe. Edithcolia grandis indicated longevity between these two other
genera. Contrary to the supposition of the viability model, the standard deviation of
the frequency distribution of seed deaths in time (0) varied for some seed-lots
collected from different years and / or populations. Determined species viability
constants Cw, KE and Crh did not show sensitivity to species life-forms. Further, this
study revealed that the number of water binding sites, seed size, embryo size, seed dry
weight, oil content and climate do not correlate with longevity for these species.
However, the ratio of seed embryo to seed area was significantly related to seed
longevity. It is concluded that longevity differences in these species are attributed to
the initial quality of seed-lots (Ki) and the frequency distribution of seed deaths in
time (0). In view of reasonable seed longevity predicted in four species for which
viability constants were derived, re-testing in seed banks should be relaxed from the
typical 10 years to 15-20 years for seed-lots with high initial viability and probably
every five years for accessions with lower initial viability. This study recommend that
further research towards developing viability constants of economically important
species is vital to enable seed longevity prediction for species found in different agro-
ecological zones in Kenya Nevertheless, ambient seed storage is not recommended
for seeds stored under field conditions similar to those for Kisumu or Nairobi
investigated in this study. ~,
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CHAPTER 1 INTRODUCTION
1.1 Background to the study

1.2 Botany

The three genera: Euphorbia, Kalanchoe and Edithcolia are typical dry land taxa adapted

through succulence to adverse climatic conditions typified by low rainfall and high

temperature. Each genus demonstrates varying succulent life-forms as a means of

overcoming water loss depending on the prevailing ecological conditions. They grow in

diverse habitats where life-forms range from small herbs to large trees. The genus

Euphorbia from the family Euphorbiaceae consists of about 86 species in East Africa

(Carter and Smith, 1988; Carter, 1994; Kokwaro, 1994), while the genus Kalanchoe in the

Iamiiy Crassulaceae consist of about 1,500 species in the warm tropics (Wickens, l 987).

The genus Edithcolia in the family Asclepidaceae is represented by one species in Kenya

(Agnew, 1974). However, there is growing interest from botanists to merge species from

the family Asclepidiaceae with those from the family Apocynaceae.

1.3 Economic value of the three genera

Many species from family Euphorbiaceae represent important crops world wide; Hevea

braziliensis used for rubber, Manihot csculenta, a major food crop in the tropics, Ricinus

communis used for oil and~Sapium sebiferum used for vegetable tallow (Schultes, 1987).

Also, across the three genera, majority of the species are of economic interest for use as

ornamentals, waxes, poisons, oils, medicine, varnishes and industrial products (Ritz, 1987;

Carter and Smith, 1988; Beentje, 1994; Kokwaro, 1994; Seigler, 1994; Neuwinger, 1996;

Mabberley, 1997) and are at risk of over collection in the wild (Heywood et al., 2007). To

prevent over-collection, species in the three genera are protected under the Convention for

International Trade on Endangered wild Flora and Fauna (CITES), appendix 11 (Egli and

Taylor, 1992). There is also increasing research interest within the genus Euphorbia for

bio-fuels, rubber, and anti-cancer agents.

1.4 Seed storage behaviour

Two basic seed types, orthodox and recalcitrant are recognised based Oil seed storage

behaviour (Roberts, 1973, Hong et al., 1998; Copeland and McDonald, 2001). Orthodox

seeds are desiccation tolerant and their lifespan increases in a predictable and quantifiable

way on reducing moisture content (me) and temperature within certain limits. Once dry,

they also withstand storage at sub-zero temperature and as such are targets for storage in

, modern seeds banks, which serve as long-term repositories for seeds. Included in the

1



orthodox seed category are seeds from most arable crops, many trees and non-trees (Ellis

and Roberts, 1980 a.b; Tompsett, 1994; Tompsett and Kemp, 1996; Dickie and Boyer,

1985; Hay et al., 1997; Hong and Ellis, 1996; Mwasha, et al., 1996; Medeiros et al., 1998~

Daniel et al., 2003; Rawat and Thapliyal, 2003; Chaves and Usberti, 2004; Lima and Ellis,

2005; Leon-Lobus and Ellis, 2005; Hay, et al., 2006).

Recalcitrant seeds are desiccation-intolerant; they do not withstand drying below a moisture

content of about 40 percent (%) depending on species. If placed at sub-zero temperatures,

recalcitrant seeds undergo freezing injury and are therefore not stored in conventional seed

banks. Many of the worlds large-seeded species, especially those from wet habitats such as

rain forests and aquatic ecosystems, produce recalcitrant seeds. In the recent past,

researchers at Reading University, UK, have described a further category of seeds referred

to as intermediate (Ellis et al., 1990a, 1991). Intermediate category of seeds, which include

species such as Papaya (Carica papaya) and Coffee (CojJea arabica) tolerate limited

drying to a me of about 10%. However, compared with ambient temperatures, their
,

longevity is reduced at sub-zero temperature (Ellis et al., 19903j 1991). More rp.f:p.ntlj·j two

other species with intermediate seed storage behaviour have been described. Leon-Lobus

and Ellis (2005) showed that seeds of Fagus sylvatica and Fagus crenata were intermediate

as they were sensitive to moisture content reduction to about 7.6-11.5% fresh weight (f.wt)

Both species, unlike Papaya and Coffee showed discontinuity of temperature effects on

survival since they were able to survive for a few years at a lower temperature. TIlls

discontinuity is attributed to the origin of Coffee and Papaya from warmer climates

compared with the Fagus species. Due to their sensitivity to low temperature, seeds

showing intermediate and recalcitrant storage behaviour are not targets for storage m

modem seed banks. Species used in this study show classical orthodox behaviour.

1.5 Conservation through seed banks

The first attempt towards establishment of a modern seed bank was by Vavilov in the

1920's when seeds were stored in metal cases under ambient conditions (Ching, 1994).

Prior to this time, seeds were stored in traditional stores. It was however not until after 1974

. with the formation of the International Board for Plant Genetic Resources (IBPGR). (later

the International Plant Genetic Resources Institute, IPGRI and now Biodiversity

International) that the development and documentation of seed banks began in earnest for

crop species and their wild relatives. Seed banks are seen as repositories of piant diversity
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including cultivars sampled from natural habitats and preserved for future generations and

have now been established in many countries as units or departments of agricultural,

forestry, academic and botanical institutes. Those established can be classified as local (e.g.

Berry Botanic Garden, USA)~ national (National Seed Storage Laboratory, USA») regional

(e.g. Department of Conservation and Management, Western Australia) or global (For

example, the Millennium Seed Bank Project, UK) in their operations (Pritchard, 2004).

Usually, two types of collections are stored in seed banks. Firstly, base collections are long-

term security collections not available for distribution, exchange or research unless needed

following disasters such as war, floods or volcanic eruptions. It is recommended that base

collections are dried to 3-7% me and hermetically stored at -l8°C or less (F AO/IPGRI~

1994). Stringent standards of temperature, relative humidity, seed moisture content, storage

containers and distribution arrangements are maintained for base collections. Under these

storage conditions, it is expected that seeds could survive for hundreds of years. On the

other hand, active collections are available for regeneration, multiplication, evaluation and

research. Active collections may be stored, after drying, at a higher temperature than base

collections with most seed banks storing active collections at a temperature of about 5°C to

ensure reasonable longevity over the medium term period (10-20 years). Both active and

base collections could be available in the same seed bank or, as is the case for some

Southern African countries, active collections could be stored in different countries and

linked to a single base collection in one country (Linington and Pritchard, 2001).

'J

1.6 Operation of seed banks

The theory of seed banking procedure has been reviewed recently (Lillington and Pritchard,

2001; Pritchard 2004). Seed banking involves several stages: 1) seed collection, cleaning

and drying; 2) moisture content and germination tests; 3) packaging and banking; 4)

characterisation and distribution. Current recommendations are that seeds should be

harvested at incipient dispersal and dried to equilibrium with a dry room set at 15°C and 10-

15% relative humidity (rh, FAO/IPGRI, 1994). Dry seeds are sealed hermetically in

moisture proof containers and stored at low temperature (Cromarty, 1984~ Cromarty et al.,

1985). Viability tests during storage are recommended (Ellis et al.. 1980~ Ellis and Wetzel,

1983; Ellis, 1987; Linington and Pritchard, 2001) to ensure that viable plants can be derived

from previously frozen seeds. As a routine procedure, viability is determined on fresh

seeds after arrival at the seed bank and later at regular intervals during storage typically at

intervals of 5 to 10 years. Viability testing media include sterilised sand, plain water agar.
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(1%), or filter paper. These tests inevitably take up a lot of seed bank staff time and could

consume a large portion of stored accessions. Consequently, developing tests which could

overcome seed bank testing constraints, for example by predicting seed longevity at the

outset, is vital. To some extent, this has been achieved in crop species where the viability

model of Ellis and Roberts (1980 a, b) has been applied.

As mentioned ealier (section 1.3), plants targeted [or conservation in seed banks are the so-

called orthodox species. These species are typified by increases in seed longevity in a

quantifiable and predictable way on reduction of me (me, expressed as a % fresh weight-

f.wt) and storage temperature in degrees ce\Cius within limits (Roberts, 1973). With regard

to me, there is an upper limit beyond which seed longevity in hermetic storage is no longer

reduced with further increase in moisture, whilst in the presence of oxygen (02), longevity

increases with further increase in me (Roberts and Ellis, 1989). At low me there is a lower

limit beyond which further reduction in me no longer increases longevity in hermetic

storage (Ellis et al., 1988; 1990b; Chaves and Usberti, 2004). Although these me limits tend

to vary among species, they have generally been shown to coincide with a seed water

potential of about -14 Mega Pascals (Mpa) when seed me is in equilibrium with about 85-

90 % relative humidity (rh) at 20°C for the upper limit (Roberts and Ellis 1989; Zewdie

and Ellis 1991), and 10-12 % rh at 20°C for the lower limit (Ellis et al., 1988; Leon-Lobus

and Ellis, 2005). Consequently, it is evident that three variables; water, temperature and

oxygen, are important when considering seed longevity (Roberts, 1973; Roberts and Ellis,

1989; Decagon, 2000).

In seed banks, collections are held hermetically at -20°C thus limiting the amount of

oxygen available and therefore storage moisture content (me) unequivocally underpins

longevity losses in seeds stored in seed banks. Routinely, mc, though not a direct measure

of water activity, has been. used to assess seed ageing in storage for practical reasons. Seed

me is assessed based on procedures outlined by the International Seed Testing association

(1STA). This entails using either of the two recommended constant temperature oven

methods. Precisely, me is gravimetrically determined by recording the fresh weight and dry

weight of the seeds respectively before and after drying in a ventilated oven at 103°C ± 2,
[or 17 ± 1 hours or in an 'oven maintained at a temperature of 130-133 °C for 1-2 hours for
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Figure 1. Schematic diagram showing a typical seed moisture sorption isotherm and

regions / types of water binding I, II andIII. Dotted line indicates water which is tightly

bound; the dashed line is weakly bound water; the dash-dot-dot dash line is 'free' ('bulk' or

multi-molecular) water. TIle full un-broken line represent a typical isotherm. Thus in region

I of the isotherm, there is mainly tightly bound water; in region II, all the tightly water

binding sites are filled and an increasing number of weak water binding sites become

occupied; in region III, multi-molecular water starts to dominate the system. (Adopted from

Probert and Hay, 2000) .
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cereals (1STA, 1999, 2005). It is expressed as a percentage or a proportion of the fresh
weight (f.wt) or dry weight (d.wt).

When dry seeds are equilibrated to a series of rh, the derived relationship is referred to as

moisture adsorption (Fig. 1). The shape of the me and rh relationship is similar but

"position" varies between species (Decagon, 2000; Probert and Hay, 2000; Sun 2002;

Probert, 2003; Pritchard and Dickie, 2003) and is generally a more direct measure of water

activity as it gives an indication of how water is held in the seed tissues and therefore its

availability to participate in metabolism. Below the lower inflection of the relationship,

referred to as zone I at approximately 15% rh, predominantly tightly bound water sorption

sites are occupied (Fig. 1). Within zone II, all tightly bound water sorption sites are

occupied, most of the weakJy bound water sites become occupied and about 5% of multi-

molecular water sorption sites. Within zone Ill, multi layer hydration sites increase to full

hydration.

1.7 Statement of the problem

This study addresses scientific and socio-economic problems prohibiting sustainable

conservation and use of seeds from the three genera. Firstly, there is scarce scientific

information on seed longevity in species from the three genera. For example, the

compendium of seed storage behaviour shows that only eight Euphorbia species stored in

seed banks have been assesed for seed storage longevity (Hong et al., 1998). Therefore,

there is limited empirical scientific data showing how long-lived seeds of these succulent

species are under seed bank and / or field conditions yet species in the three genera are

endangered in the wild due 10 over-collection for medicine, cultivation and ethno-botanical

uses (Summer, 2000).

Secondly, it is vital to note that an under-estimate of longevity would result in frequent,

costly regeneration and subsequent increase in the work load for personnel working in seed

banks. This amounts to unnecessary costs and workload on personnel.

Finally, in a country like Kenya with limited opportunities for funding, the use of storage. .

facilities typical in developed countries is not practical due to high cost implications.

Therefore, knowing seed longevity benefits arising from local available seed storage

methods compared to standard seed conservation conditions would inevitably boost Kenyan
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seed conservation initiatives since there could be savings on labour if seeds are not regulary

regenerated.

1.8 Justification

For these species, is worth investigating seed longevity in order to ensure that the gene

bank of Kenya (GBK) maintain high quality collections for the country. This will also

assist in the development of routine re-testing schedules and planning of re-collection or

regeneration programmes particularly for species that may be short lived yet required for

human development and / or ecosystem restoration. In Kenya; farmers, land owners,

traders and national institutes are involved in seed storage. Inevitably, seeds held by these

stakeholders are stored in different environments ranging from an1bient conditions' by

farmers to refrigeration at the national institutes. Under these conditions, seeds will lose

longevity at different rates. To date, there is limited information indicating the rate of loss

of longevity in seeds of wild plant species under any Kenyan environmental conditions, yet

it is vital that seeds stored by farmers and national institutes remain viable for long.

Farmers are particularly likely to benefit from longer seed life spans since this translates to

less procurement of seeds from the merchants. Farmers can therefore use accrued savings to

improve their livelihoods.

Whilst there is rampant deforestation in Kenya resulting to a declining forest cover, a major

constraint to increasing forest cover is the availability of viable and high quality seeds of

indigenous species. Often seeds germinate poorly due to lack of knowledge on the science

desired to handle the seeds (Ellis et al., 2007). This study aims to generate findings to

support farmers, traders and researchers to predict longevity of seeds held at various

ecological zones in Kenya.

1.9 Hypotheses

1. There is no difference in seed longevity within genera and between genen,

Euphorbia. Kalanchoe and Edithcolia.

2. Seeds from di1Terent populations of four species within the genus Euphorbia do not

differ in their storage longevity.

3.' The effects of moisture on seed longevity does not differ between six species within

the genus Euphorbia.

4. The effects of water content on longevity in relation to water binding properties

does not differ in seeds from five Euphorbia species.
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1.10 Broad objectives of the study

The study had two broad objectives namely: 1) to assess comparative longevity in seeds

from a range of succulent wild species of different life-forms; 2) to quantify moisture

effects on seed longevity in accordance with the viability model, and assess the effects of

water binding properties on longevity.

1.10.1Specific objectives

I. To determine comparative longevity in seeds from single populations of 24 species

from three succulent genera; Euphorbia, Kalanchoe and Edithcolia.

2. To determine seed longevity differences between three populations of four species

within the genus Euphorbia.

3. To quantify moisture relations of longevity in six Euphorbia species.

4 To determine how various factors such as moisture sorption properties, oil content,

climate and seed structure affect longevity in at least five Euphorbia species.
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CHAPTER 2 LITERA TURE REVIEW

2.1 Genera Euphorbia, Edithcolla, and Kalanchoe

Euphorbia is recognised as one of the largest genera of flowering plants comprising about

2,000 species world wide and with a distribution in temperate, tropical and sub-tropical

zones (Carter, 1982; Carter, 1987; Smith, 1987;Cartei and Smith, 1988). Within the

tropical and sub-tropical zones, the genus Euphorbia is represented by several herbs, shrubs

and trees (Carter, 1982). In the tropics, the growth habit of species in the genus is

xerophytic and ranges from small herbs to large trees. Their natural habitats extend from

about sea level to 3,000 metres above sea level. Numerous Kenyan Euphorbia species,

including several under the present study, have immense medicinal value. Euphorbia hirta,

E. tirucalli and E. candelabrum are known for their medicinal and poisonous attributes

(Sastri, 1952; Neuwinger, 1996; Kokwaro, 1993; Mors et al., 2000; Prosea, 2000). For

example, Euphorbia hirta and E. tirucalli are documented for for their use in treating

various diseases including tooth ache and asthma respectively (Sastri, 1952). Further, the

Euphorbiaceae family is comprised of species, which represent important crops used for

rubber, fruit trees, dye plants, timber, hydro-carbon sources and cultivation as ornamentals

(Mabberley, 1997; Heywood et al., 2007).

The genus Kalanchoe in the Tamily Crassulaceae is found mainly in the warm dry regions

and rarely in wet tropics. Life-form for the majority of the species in the genus is

represented by fleshy herbs' or soft shrubs (Agnew and Agnew, 1994). However, generic

limitation for species in the family is not satisfactorily worked out (Wickens, 1987).

Species from the genus have broad adaptability ranging from areas experiencing frost to

aquatic habitats. A number of species from Kalanchoe are valued for ornamental use

particularly as house plants, florists flowers besides their traditional use for medicine

(Houghton, 1935; Badwin, 1944; Heywood et al., 2007; Kessler, 2008-

www.ag.auburn.edu/landscape/kalanchoe.htm; Efanti, 2008- www. valentine.gr/kalanchoes-

en.htm). One species, Kalanchoe glaucescens has been in cultivation as an omarnental for

over one hundred years (Dyer-Thiselton, 1900).

Edithcolia grandis belong to the family Asciepidaceaeae (Agnew, 1974; Agnew and

Agnew, 1994). Although this is the only species in the genus in Kenya, the species has

great un-exploited ornamental value, with immense commercial implications in the Kenyan

horticulture industry.
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Unfortunately, species in the three genera are endangered in the wild as they are over-

collected for medicine, cultivation and ethno-botanical uses by plant collectors (Summer,

2000). Like other succulent Euphorbia species, two Kenyan endemic species Euphorbia

meridionalis and E. tenuispinosa investigated here are protected under CITES

(http://www.cites.orgl) appendix II and on global scale classified as vulnerable and rare,

respectively (World Conservation Monitoring Centre - WCMC, 1997). Furthermore,

published information indicate that in the wild, seeds of E. taruensis have never been seen

while mature seeds of E. graciliramea have not been observed (Carter and Smith, 1988).

These two Kenyan endemic species, in the present study have their existing natural

populations threatened, and therefore their ex-situ conservation cannot be over looked.

Currently, there is scarce information on seed longevity in species within the genus

Euphorbia. For example, the compendium of seed storage behaviour shows that only eight

Euphorbia species are stored in seed banks (Hong et al., 1998). Most interest has been on

seed longevity in the soil seed banks [or such species. Roberts and Feast (1988)

investigated seed emergence and longevity of annual weeds, including Euphorbia

helioscopia, while Michael (2003) investigated survival in the soil [or seeds of the weedy

Euphorbia esula. Other aspects of soil seed banks studied were viability testing of211 year

old Euphorbia seeds from brick buildings of Mexico and California (Spira and Wagner,

\983). The Kew Seed Infonn~tion Data base indicates that on a global scale, only four

species from the genus Euphorbia have viability constants published despite the value of

species constants in assisting managers of ex-situ seed banks in seed viability testing

(Flynn, et al., 2006; Seed information data base 2006-
~.";,

hltp://www.kew.orglsid/viabilitylindex.htrnl). None of these [our species or those

mentioned in these soil seed bank studies occur in Kenya. Therefore, it is imperative that

research is extended to Kenyan Euphorbia species, with a priority on those with economic

or conservation value.

2.2 Predicting seed longevity

The advent of the improved viability model at Reading University in the 1980's had

obvious practical applications especially in the commercial seed industry. Since then

researchers have widely shown the usefulness of the model in predicting longevity in a

number of crops (Ellis et al., 1982 a.b; Dickie and Boyer, 1985; Poulsen, 1993; Roberts,

1986; Hong and Ellis, 1996; Poulsen and Knudsen, 1999; Mutegi et al., 2001; Chaves and

Usberti, 2004; Lima and Ellis, 2005; Waiters et al., 2005; Hong et al., 2005; Hay et al.,
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2006; Flynn et al., 2006; Ellis and Hong 2007a,b). For crop germplasm stored in seed

banks, longevity is predicted on a time scale of ten years based on broad applications of the

mo":.;;1ami recommendations by Biodiversity International.

Unlike crops which have been improved by domestication through decades, wild plants are

characterized by substantive seed to seed variation in seed storage behaviour even on single

inflorescences. Further, there is relative paucity of seed longevity information since only

about 3 % of the world's plant species have to date been investigated, mostly crops (Hong

et al., 1998).

Recent research at the Seed Conservation Department of the Royal Botanic Gardens Kew

has shown that seeds of some wild plants are more short-lived compared with crop species

(Probert, pers. com; Copeland and McDonald, 2001; Hay et al., 2006; Bird, 2006).

Consequently using established crop models for purposes of predicting longevity in wild

seeds with a view to managing regeneration, re-collection and re-scheduling of viability

testing is not recommended. For wild species producing short-lived seeds, testing them at

ten year cycles would culminate in loss of valuable genotypes and could ultimately

contribute to genetic drift and a non-viable collection. The three genera, Euphorbia,

Kalanchoe and Edithcolia are unlikely to differ [rom other wild species in this respect.

Frequent monitoring of the viability of seed bank accessions by removal of sub-samples for

germination is costly in terms of space, manpower and is technically time consuming if

seeds take a long time to germinate. The commonly used method for predicting longevity

of seeds under standard seed bank condition is through the use of the viability equation

(Ellis and Roberts, 1980 a, b).The equation was derived from empirical evidence from

controlled seed ageing tests in warm environments (in practice between 35 and 60°C) for

barley seeds.

The viability equation leqn (1)],

predicts the viability, v (in probits or normal equivalent deviates, NED) after p days of

storage at temperature, t °C and moisture content, m (% fresh weight basis). K; KE, Cw, CH,

and CQ are the so-called viability constants (Ellis and Roberts, 1980 a, b). This equation
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was developed from two observations of orthodox seed storage behaviour. Firstlyseed

deaths are normally distributed over time, with the standard distribution of seed deaths

given by sigma (0). Consequently, seed survival curves, where the number of remaining

viable seeds is plotted against storage period, show cumulative normal distributions of

negative slope (Fig. 2). When seed viability is plotted on a probability scale or transformed

to probits or NED, there is a negative linear relationship ·between seed viability and time,

described by the equation [eqn (2)]:

v=K-P/, la
Where K;, is the y-intercept (in pro bits or NED) of this line and is the theoretical initial

viability (prior to storage) of the seed-lot referred to as the "potential longevity" (Ellis,

1991; Demir and Ellis, 1992 a.b), pis the storage period and 0 the standard distribution of

seed deaths over time. The value of K, varies between seed-lots due to the effects of

genotype and post-harvesting handling but is constant for a single seed-lot under different

conditions of storage. It is therefore also referred 10 as the seed-lot constant.

The second observation of the viability model is that the standard deviation of the normal

distribution of seed deaths in time, 0 is constant for a given species within a certain storage

environment (Ellis and Roberts, 1980a, b; Ellis et al., 1982a,b; Ellis et al., 1986; Ellis et al.,

1988; Rawat and Thapliyal, 2003; Daniel et al., 2003; Lima and Ellis, 2005; Hay et al.,

2006) described by the eq,!ation [eqn(3)]:

Where 0 is the standard deviation in days of the individual seed lifespans at moisture

content, m (% fresh weight basis) and temperature, 1°C. KE is a constant reflecting inherent

seed longevity and is equal to the value of log 0 at 1 % moisture content and o-c Cw is a

constant describing the relative effect of change in moisture content on longevity; Cn and

CQ are constants describing the relative effect of change in temperature on 0. Evidence

from eight species over a wide range of temperatures between -13 to +80°C has indicated

that the relative sensitivity of longevity to temperature is not significantly different across

species (Dickie et al., 1990; Ellis and Hong, 2006; Ellis and Hong, 2007b). Recently, Ellis
t

et al. (2007) also showed that the temperature term did not differ between twelve species;

.,'
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Figure 2. Modeling of binomial life spans of seeds using the viability equation (Adopted

from Pritchard and Dickie, 2003). Figure A, shows NED relative to the mean seed

longevity, B seed sigmoid curve of negative slope for seed survival (%) in any storage

environment, C seed survival in NED in any storage environment. K, and 0" are used to

measure longevity of seeds.
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Zea mays, Sorghum bicolor, Saccharum sp., Setaria italica, pennisetum typhoides, Beta

vulgaris, Oryza giaberrima, Triticum a~slivum, Eleusine corccana, Paspalum

scrobiculatum, Oryza sativa and Solanum tuberosum. Universal values of 0.0312 and

0.000454 were assigned for CII and CQ for these twelve species. This is in agreement with

universal values 0[0.0329 and 0.000478 assigned [or ClI and CQ respectively (Dickie et al.,

1990), At a constant temperature there is a logarithmic relationship between (J and moisture

content (me). The slope of the relationship is Cw and the intercept 1(, such that [eqn(4)]:

log 0' = K - Cw log m

Where [eqn(5)]:

Rearranging equation above and inserting the universal values for the temperature

constants [eqn(6)]:

The estimates [or KE and Cw are characteristic of species and are even similar in cultivars

within a species (Ellis et aI., 1939; Zewdie and Ellis, i991; Hay ei 01., 2003). However,

they may both vary greatly bet ween species (Ellis and Koberts, 1981; Zewdie and Ellis,

1991; Medeiros et al., 1998; Hong et al., 1998; Ellis and Hong, 2006; Flynn, et al., 2006).

These Cw diITerences between species are mainly attributed to differences in seed

composition. Seed accessions of different species dried under standard seed bank

conditions will have different equilibrium moisture content (eMC) at a given rho

Consequently, comparisons of seed longevity between species are valid only when

calculations are based on equilibrium moisture content or equilibrium relative humidity

(eRH) rather than the same moisture content.

Work on the moisture relations of longevity has established moisture content limits within

which the viability model applies (Roberts and Ellis, 1989; Ellis et al., 1989jJbrahim and
<'-;::\'(.:::,

Roberts, 1983; Ellis et al: 1990b; Usberti and Gomes; 1998; Hay et. al., 2003; Chaves and

Usberti, 2004). At the lower moisture content limit the value of which is dependent on

species largely due to differences in oil content, further decrease in moisture content does

not increase longevity, though in practice, decline in longevity maybe' observed due to'
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imbibition damage (Roberts and Ellis, 1989; Ellis, 1987). At the other end of the scale, at

an upper moisture content limit of about 15% in lettuce (Ibrahim and Roberts, 1983;

Ibrahim et al., 1983) longevity decreases as me increases unless seeds are in a well aerated

environment in which case, increase in moisture content increases longevity. Recent study

in hermetic and open storage conditions using Sesame and Timothy (Ellis and Hong,

2007a) has shown thai longevity is increased at higher. me in the presence of oxygen

compared to lower me in hermetic storage. 11is between the lower and the upper limit that

the viability model is used to predict longevity for effective genetic resources conservation.

As a general observation, the lower moisture content limit apparently coincides with the

lower inflexion on seed moisture isotherms when seed water status depicts no appreciable

chemical potential since only ionic (strongly bound) water is available (Fig. 1).

The ability of seeds to survive at low moisture content when water activity is minimal has

nevertheless been a subject of extensive study. One explanation of how seeds survive is

through the [ormation of a glassy state at low moisture contents (Bruni and Leopold, 1992;

Sun and Leopold, 1994; William and Leopold, 1999; Sun 2002). When seeds are described

as being in a glassy state, the cellular cytoplasm has viscosity resulting in the slowing down

of chemical reactions thereby conferring stability during dry storage.

Viability constants and consequently longevity predictions have been widely reported for a

range of crop species (Ellis et al., I982a,b; Dickie and Boyer, 1985; Ellis et al., 1989; Hong

et al., 1998). O[ the 68 species [or which viability constants have been determined, about

10% are wild plant species (Hong et al., 1998). This demonstrates relative paucity of

information on viability constants [or 'wild species including the taxa investigated in this

study.

2.3 Seed equilibrium relative humidity (eRH) and longevity

The amount of water in seeds is not a measure of the level of activity of seed water per se.
Seeds are hygroscopic and desorb or absorb water [rom the environment to maintain

equilibrium. Whether or not a seed will absorb or desorb water is dependent on the

chemical potential of the water in the seeds and hence their relative vapour' pressure /. '

equilibrium relative humidity (ekl-l), relative to the ambient conditions (rh of the air around

the seeds). Seed eRH, a measure of the amount of water in the air surrounding the seeds

compared with the amount of water the air can hold, is a more accurate measure of water

activity in seeds which can be easily and non-destructively determined (Hay, 1997; Roberts

, 15
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and Ellis, 1989). When resources permit, seed eRH is used as a guide to assessing the

water activity. This may be particularly useful for rare wild species where seed quantities

may not be sufficient to permit the use of destructive techniques to measure water content,

that is. gravimetric me determination.

Differences in the effect of moisture content on seed longevity between species tend to

disappear when the moisture term is replaced with equilibrium relative humidity (eRH)

which relates directly to seed water activity (Roberts and Ellis, 1989; Ellis et al., 1990b;

Ellis et al., 1989) and therefore seed water potential. The semi-logarithmic relationship

between seed longevity and eRH is described by the equation leqn(7)]:

10gCJ =K h - C..,rhr .•.

Where rh is seed equilibrium relative humidity, Crh is a constant describing the effect of the

change in seed eRH on longevity (equivalent to the slope of the semi-logarithmic

relationship between 0 and relative humidity) and Krh is an intercept constant in the

relationship. In a number of studies, Crh has been reported to be more or less constant in

diverse species (Robert and Ellis, 1989). However, eRH is temperature dependent and

therefore, predictions are strictly only valid at the temperature at which the relationship is

determined. Besides moisture content, the other factors likely to contribute to maximum

seed longevity include seed moisture adsorption characteristics, oil content, matemal

environment, seed structure and climate.

2.4 Moisture content assessment in seeds

Seed moisture content refers to the mass of water lost [rom a sample of seeds following

drying under defined conditions and is expressed relative to fresh weight (f.wt) or dry

weight (d. wt). Moisture content is gravimetrically determined by measuring the mass of a

sample of seeds before and after drying in a well ventilated oven at 103°C for 17 hours

(1STA, 1985). This method, referred to as the low constant temperature oven method
1 . ,

requires that the rh of ambient air in the laboratory must be less than 70%. Given that tits is

ail overnight procedure, ISTA (1985; i999; 2005) also recommends a quick moisture

content determination referred to as the high constant temperature oven method .. When this

method is used, the seed sample is dried in a well ventilated oven at 1300e for one or two

hours.
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2.5 Maximising seed longevity in seed banks

Seed maturity at the time of collection is a critical factor in determining potential seed

longevity (KJ In addition to controlling longevity by controlling the moisture content and

temperature of storage, it is critical that the initial quality of seeds; as measured by K, is as

high as possible. However, there has been some debate as to when seed quality first reaches

its maximum. Harrington (1972) suggested that seed quality is maximal at "physiological

maturity" (in theory highest Ki) signalled by the end of seed filling now referred to as mass

maturity (Pielta-Filho and Ellis, 1991; 1992) and declines thereafter. However; research has

shown that maximum seed quality assessed by storage experiments (Zanakis et al., 1994;

Hay and Probert; 1995; Hay; 1997) is not attained until sometime after mass maturity

approaching incipient seed dispersal. Further, evidence from diverse species consistently

shows that potential longevity increases well beyond mass maturity (Demir and Ellis; 1992

a, b; Hay and Probert, 1995; Hay, 1997). It is therefore most appropriate that collectors

collect seeds for ex-situ banking when they are well beyond mass maturity. Idealy in the

case of seeds of wild species, which are not shatter-resistant at the point of natural

dispersal.

As a practice, seed banks rnaximise seed longevity by drying seeds to equilibrium with a

dry room at which moisture content attained is in the region of the lower limit to the

negative logarithmic relations between 0 and me. Below this limit there is little or no effect

on longevity upon reducing moisture content further. Any loss of viability below this water

content limit can be largely attributed to imbibition damage of ultra dry seeds upon wetting

(Powell and Mathews, 1978; Ellis et a/., 1985; Ellis et al., 1982b).

2.6 The effect of oil on seed longevity

Substantial differences in moisture content between seeds of different species dried under

standard seed bank conditions exist. Cromarty et al. (1985) attributed these differences in

seed hygroscopic equilibria to seed composition and in particular oil c()I1t.~nt.Under the

same conditions of temperature and r11,an oily seed, for example groundnuts will hold less

water than the non-oily seeds for example rice which implies the greater the oil content; the

lower the seed equilibrium moisture content.

Since oil affect seed water relations (Probert, 2003; Pritchard and Dickie, 2003), its effect

on the moisture content term Cw in the viability equation cannot be over-emphasized.
,'-.- , -..-

However; Zewdie and Ellis, (1991) did not find significant differences in seed longevity
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between the non-oily seeds of Eragrostis tef (Zucc.) and the oily seeds of Quizotia

abyssinica (Lf.) Cass investigated within the predictions of the viability equation «15%

me). In contrast, Ponquett et al. (1992) demonstrated in seven of the eight species

investigated; that oil content was negatively correlated with seed longevity. Therefore, oily

seeds were predicted to be shorter-lived compared with non-oily seeds. Again in-contrast,

Medeiros et al. (1998) showed no link between oil content and seed longevity ill 22 species

of diverse life-forms. Nevertheless, a recent review of information from 18 species with

published C; revealed a signi ficant negative relation, suggesting decreasing Cw with

increasing oil content (Pritchard and Dickie, 2003). The effects of oil content on seed

longevity remain inconsistent and therefore the need for further investigation in this area.

2.7 The effect of matemal environment on longevity

A feature of seed producing plants is that the embryo develops inside a seed attached to the

mother plant for a considerable period of time. Prior to seed dispersal, seed development

and related seed traits such as seed mass, seed composition, seed size and gerrninability are

most likely influenced by prevailing climate, precisely temperature and rainfall. Indeed

increased germinability (lack of dormancy) is associated with drought and high nitrogen

levels (Fenner, 1991). Agronomic practices used in research have shown that irrigation can

alter seed development events in plants. Sinniah et al. (1982) showed that water stress

induced through reduced irrigation to rapid-cycling Brassica resulted in a faster rate of seed

development and increased potential longevity of seeds. Other workers however, have

shown that resource allocation in the plants did not influence seed longevity (Pritchard and

Dickie, 2003; Walters et al., 2005). With erratic rainfall and fluctuations in temperature

prevalent in the Kenyan arid and semi. arid lands where species for this study are found,

effects of climate on potential seed longevity cannot be over looked.

2.8 Moisture isotherms in relation to longevity

Moisture absorption and desorption isotherms are curves showing the relationship between

seed moisture content and eRH at a given temperature as water is take~~p or lost. They

show the dependence of water content on water activity of the surrounding ~yironment at

a given temperature (Sun, 2002). They are usually determined across the full hydration

range (i.e from close to 0% rh up to close to 100% rh). Isotherms are important since eRH

is a better measure of the activity of the water in seed tissues and therefore gives a better

understanding of cellular processes. However, at least until recently, it was less likely to be
- ~-- ~"".'-' --

available as a routine tool for management of seed bank accessions. It is particularly critical

18



that isotherms are determined at the same temperatures at which storage experiments are

carried out This is because the equilibrium mc-rh relationship changes with temperature,

shifting to higher moisture contents at lower temperature. As well as temperature, seed

desorption or absorption isotherms depend on composition: seeds with higher lipid content

will have lower equilibrium moisture content (eMC) for given relative humidity. That is,

the isotherm shifts upwards to higher moisture contents for a given rh with reduction in oil

content. Since seed composition varies with seed development, isotherms may also change

during seed development. An isotherm can be divided into three distinct phases indicative

of how water is held in seed tissues and therefore thermodynamic properties as well as what

physiological activity can occur (Leopold and Vertucci) 1986; Vertucci and Leopold, 1986; .

1987; 1990; Probert and Hay, 2000; Sun, 2002·). Water can be strongly held at ionic sites,

weakly bound at polar non-ionic sites or loosely bound through the bridging of ionic

moieties. Loosely bound water also referred to as "bulk water," is freezable. Though all

three levels of water could be present at all moisture contents) generally strongly bound

water is dominant at very low moisture content (Fig. 1). The moisture content at which

these strongly bound water sites are filled is close to the low moisture content limit

determined for majority of orthodox seeds. On the other hand, freezable water is dominant

at higher moisture contents. Placing seeds with bulk water at sub-zero temperature will

result in cellular damage dire to the formation of ice crystals and hence freezing injury.

Since isotherms of recalcitrant seeds suggest absence of strongly bound water) Vertucci and

Leopold (1986) suggested that this fraction of water may playa vital role in the ability of

orthodox seeds to survive drying.

SUIl and Leopold (1994) suggest that at low moisture content, the cytoplasm within seed

cells is in a glassy state and the chemical reactions are slowed thereby reducing the rate of

seed deterioration. Above a certain threshold temperature, glasses melt decreasing

cytoplasmic viscosity thereby increasing deterioration activities. Eira et al. (1999) also

reported that sorption characteristics in whole coffee seeds are consistent with reports for

orthodox tissues but for constituent parts particularly the embryo, an intermediate

behaviour between orthodox and recalcitrant embr-yos is observed.: This .suggests a
;~f~_:· .

relationship between desiccation tolerance and water sorption characteristics-,:Yertucci et al.

(1994) suggested that drying seeds at 15% rh followed by sub-zero storage may remove

strongly bound water which is vital if seeds are to retain molecular structure thus exposing

seeds to lethal damage. The opposite scenario is that if seeds are transferred to higher
. . .•......... _-_ .. "'-

.. temperature for ageing) eRH and water status is higher than predicted. In view of various
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combinations of water content and temperature used in seed ageing, these workers predict

an optimum moisture content [or seed longevity when fluidity of the system is such that

thermal-chemical reactions are minimised without removing structural water. Regardless of

the approaches used to determine the me where seed longevity is maximised, Ellis et al.

(1995) maintain that empirical evidence supports the viability model with lower critical

moisture content in equilibrium with 10-13% rho This lower moisture content limit, though

widely reported in crops (Ellis et al., 1982a; Ellis et al., 1989; Ellis et al., 1990b) is poorly

documented in wild plant species, including those under study here.
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CHAPTER 3 MATERIALS AND METHODS

3.1 Objective 1. Comparative longevity in seeds from single populations of species

from the three succulent genera Euphorbia, Kalanchoe and Edithcolia

3.1.1. Comparative longevity. protocol

Compartive longevity test were carried out on all seed-lots following a defined protocol

(Davies and Probert, 2004: hUp://www.kew.org/msbp). The main stages for this protocol

are outlined further below (section 3.1.2 - 3. 1.10).

3.1.2 Selection of species

Using the East African herbarium specimen data, Flora of Tropical East Africa publications

for each family and personal long experience as a researcher at the herbarium, Euphorbia

species were selected to represent diverse life-forms, altitudes and climatic zones in Kenya

This deliberate selection of species ensured representation of the evolved and adapted

forms within the genus. This ranged from prostrate and erect herbs, perennial shrubs with

either underground fleshy roots or rhizomatous stems and tall trees (Carter and Smith,

1988; Table I). Included firstly were five tree forms, E. candelabrum Kotschy, E.

magnicapsula S.Carter, E. bussei Pax, E. tirucalli L. and E. quinquecostata Yolk which

grow in-situ to 10-12 m high, Also selected were five shrubs, E. scarlatina S.Carter, E.

heterochroma Pax. E. cunneata Vahl, E. gossypina Pax, and E. scheffler! Pax representing

life-forms from 1.5 to 4 m high. Besides, five perennial shrubs E. graciliramea Pax, E.

pseudoburuana Bally and S. Carter, E. tenuispinosa Gilli, E. taruensis S. Carter and E.

meriodinalis Bally and S. Carter with underground fleshy root or rhizomatous tissues

growing to a maximum height of about 45 em above the ground were selected. Finally, a

prostrate herb, E. hirta L. and an erect herb E. heterophylla L. were chosen. Seeds from

Kalanchoe bipartita Chiov., K. boranae Raadts Kalanchoe glaucescens Britten. Kalanchoe

lanceolata (Forssk.) Pers, Kalanchoe laciniata (L.), Kalanchoe mitejea Leblanc & Raym-

Hamet and Edithcolia grandis N. E.Br were collected manually as encountered within the

natural range of the Euphorbia species collected for this study.

Using the List of East African Plants data base (Knox and Berge, 1996) and taxonomic
,

expertise at the East African Herbarium; different populations for each of the Kenyan

succulent Euphorbia species were identified prior to undertaking field work (Table 2). This

provided species geographical data including grid references. Using this data, four sites

','
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Table 1 List of different life-forms demonstrated by species from the family

Euphorbiaceae selected for comparative longevity studies. Species information was derived

from the Flora of Tropical East Africa (Carter and Smith! 1988).

Species Seed notesLife-form Altitude (m)
E. bussei Pax" Tree 400-2000 Sub-globose, dark with dark

brown speckles, smooth
IIIE. candelabrum Kotschy A Sub-globose, slightly compressed

laterally, greyish brown
Tree 900-2000

E. cuneata Vahl Sub-globose, brown, faintly
speckled

E. gossypina Pax

Shrub 400-1750

Ovoid, laterally compressed,
greyish brown, faintly mottled,
almost smooth

E. graciliramea Pax Mature seeds not known

Shrub 15-1900

E. hezerochroma PHX Ovoid, grey, shallowly
tuberculate

Shrub perennial
fleshy root

700-2050

liE. heterophylla L. Oblong-conical, pinkish brown,
slight transverse wrinkles

Shrub 450-!3()0

(E. hlrta L. Oblong, pinkish with numerous
shallow wrinkles

IIerh, annual
erect

150-3000

IVE. magnicapsula S.Carler*

Herb, annual
prostrate

0-2000

Sub-globose, slightly compressed,
laterally, buff with dark speckles
and streaks, smooth

E. meridionalis Bally and S.
Carter

Globose, dark brownish red

Tree 1000-2165

E. pseudoburuana Bally and
S.Carter

Sub-globose, grey molted smooth

Shrub,
perennial, fleshy
root

1200-1750

E. quinquecostata Volk * Sub-globose, grey motted, smooth

Shrub perennial,
tuberous root

1200-1800

E. robecchii Pax *
Tree 600-1220

Seeds sub-globose, pale greyish
bull'

E. taruensis S. Carter never seen

Tree 30-1200

E. tenuispinosa Gilli Sub-globose, brown, tuberculate

Shrub perennial,
rhizomatous

150-480

E. tirucalli L.

Shrubby,
perennial

\50-1100

Ovoid, smooth, buff specked with
brown to dark brown ventral line

R. scarlatina S. Carter" Sub-globose, shallowly and
closely tuberculate

Tree or Shrub 0-2000

E. scheffleri Pax

Shrub 600-2000

Ovoid, internally composed, pale
brownish, smooth

* Indicates Euphorbia sRecies producing large seeds which were processed in larger bags as
described in text. I, I, III and IV denote species with three populations studied for
comparative longevity. Species in bold were investigated for moisture effects on longevity
(objective 3). Table shows also species life-forms, occurrence altitude above sea level and
shape of seeds for each species investigated.

Shrub 300-1600
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Table 2. Location of sites where seed collections were made [or comparative longevity

studies.

Species Area Latitute Longitude Collection
(degrees and (degrees and date

minutes 5) minutes E)
Euphorbia bussei Mwingi 0.56 38.03 14/08/2003
Euphorbia candelabrum Mwingi 1 0.56 38. 05 04/09/2003
Euphorbia candelabrum Malili 1.42 37.18 23/09/2003
Euphorbia candelabrum Mwingi 2 056 38. 05 15/09/2004
Euphorbia candelabrum Maji-moto 1.12 35.45 28/09/2004
Euphorbia cuneata Ngomeni 0.39 38. 24 18/07/2003
Euphorbia gossypina RPSUD na na na
Euphorbia graciliramea Kajiado· 1.32 36 .42 14/0212004
Edithcolia grandis Ngomeni 0.39 38.24 20/07/2003
Edithcolia grandis Nuu 1 1.02 38.19 21/0712003
Edithcolia grandis Nuu 2 1.02 38.19 28108/2006
Edithcolia grandis Ndooa 1 1.13 38.11 23/0712003
Edithcolia grandis Ndooa 2 1.13 38.11 21/07/2004
Euphorbia heterochroma Baringo 0.00 36.00 25/07/2004
Euphorbia heterophylla Kivani 1 1.48 37. 25 23/01/2003
Euphorbia heterophylla Kivani 2 1.48 37. 25 05/07/2004
Euphorbia heterophylla Kivani 3 1.48 37. 25 30/06/2006
Euphorbia heterophylla Maseno o 00 34. 36 28/03/2005
Euphorbia hirta Maseno 1 O. 00 34.36 15/05/2004
Euphorbia hirta Maseno 2 0.00 34.36 28/03i~.OO5
Euphorbia hirta Maseno 3 O. 00 34.36 08/03,; 006
Euphorbia hirta Nmk 1.16 36. 48 28/03/2006
Euphorbia hirta Nrflk 1.16 36. 48 23/06/2004
Euphorbia hirta Nmk 1 .16 36. 48 28/12/2003

Euphorbia magnicapsula Muumandu 1.41 37.17 10/10/2003
Euphorbia magnicapsula Naivasha 0.32 36.21 13110/2003
Euphorbia magnicapsula Gilgil 0.30 36.14 23/08/2004

Euphorbia pseudoburuana Maji Moto 1.12 35.45 21/0212004
Euphorbia quinquecostata Mutomo Plant Sanctuary 1.51 38.21 2410212005
Euphorbia quinquecostata Ngomeni 0.39 38.24 19/07/2004

Euphorbia scarlatina Kajiado 1. 35 36.24 22102/2004

Euphorbia meridionalis Athi river 1.25 36.51 07/03/2004
Euphorbia tenuispinosa Mwingi 0.57 38. 04 19/07/2004

Euphorbia tirucalli Kivani 1.48 37.27 29/1212004

Euphorbia robecchii Kanagoni 2.41 40.08 24/08/2006

Euphorbia scarlatina Suswa 1.09 36.21 25/07/2004

Euphorbia scnettiett Ikutha 2.02 38.11 23/02/2005
Kalanchoe bipartita WP na na na
Kalanchoe glauscens GBK na na na
Kalanchoe lanceolata GBK na na na
Ka/anchoe laGiniata GBK na na na
Kalanchoe mitejea Nthua 1.24 38.07 23/07/2003
Kalanchoe mitejea Yambyu 0.55 38.03 20/07/2004
Ka/anchoe mitejea Ngomeni 0.39 38.24 20/07/2004

WP = Wakehurst Place; GBK = Gene Bank of Kenya; RPSUD = Resource Project for

Conservation of Dryland Biodiversity; na = data not available (not released).
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based on the diversity of the succulent genera in Kenya were marked across several districts
to assist in planning of field activities.

Firstly, Kajiado district was identified for species such as E. magnicapsula S. Carter, E.

scalartina S. Carter and E. graciliramea Pax Secondly, Naivasha and Narok districts were

identified as host to species such as E. scalartina E. pseudoburuana Bally and S. Carter and

E. magnicapsula. Thirdly, the districts of Makueni, Mwingi, Kitui and Machakos were

identified as the host for species such as E. hirta L. E. tirucalli L. and E. quinquecostata

Volk. The arid north district of Marsabit was identified for species such as E. scheffleri Pax

and E. cuneata Vahl. Finally, Maseno division was included for easy acess to populations

of E. hirta and E. heterophylla.

With the exception of Marsabit district, pre-collection visits were undertaken to ascertain

the spatial spread of these species in addition to confirming their access and phenology

status with a view to easing the logistics required for seed collection. Follow up visits were

also undertaken when the first visit could not reliably guarantee the collection of seeds at

optimal stages of maturity. During these subsequent visits, other succulent species from the

genera Kalanchoe and Edithcolia were identified as encounteed in the field and seeds

collected. In particular, Editbclolia grandis and Kalanchoe were identified during field

visits to Mwingi. Three further Kalanchoe species, K. laciniata, K. boranae and K

glaucescens were supplied by the Gene Bank of Kenya while the Millennium Seed Bank

Project supplied two species: K. bipartita and K. lanceolata.

3.1.3 Collection and processing of seeds of Euphorbia species

At the point of incipient seed dispersal, random samples of fruits from a minimum of 20

individuals for all species (except in E. candelabrum Kotschy, E. tenuispinosa Gilli E.

taruensis, E. bussei Pax and E. quinquecostata where 5-10 individuals were used) were

harvested by hand from each of the selected populations. Fruits sufficient to provide a

minimum of 10,000 seeds were harvested for E. hirta, E. bussei, E. heterochroma Pax E.

quinquecostata, E. heterophylla L. and E. pseudoburuana while for the remainder of the

species, fruits were collected with a target of deriving 2,000 seeds after processing.

Following harvest, fruits were placed in absorbent "khaki" paper bags measuring 48 x 25 x

30 em (l x w x h) for species producing large fruits or borne on long inflorescences

(specifically, E. magnicapsula, E. bussei, E. scarlatina and E. candelabrum) and 20 x 12 x

39 em (I x w x h) for species producing smaller fruits (Table 1). The fresh fruits of E.
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candelabrum were cut manually using tree loppers allowing the fruits to fall onto plastic

sheeting placed underneath the plant canopy. These were placed in gunny bags of 55 x 90

em (I x w) overnight while in the field.

The following day, fruits were threshed out manually to remove sticky mucilage and spread

out between absorbent newspaper sheets exposed to direct sunlight. During the period in

the field, fruits were spread out each day to a thin layer on absorbent paper in the open and

retumed to room conditions every evening. However, the large fruits of E. magnicapsula,

E. bussei and E. scarlatina were harvested manually and put in large "khaki" bags (48 x 25

x 30 ern; I x w x h). For these species and other species whose fruits (harvested manually)

were placed in the srna11~r "khaki" bags (20 x 12 x 39 em (l x W x h) there was no seed

extraction in the field. Nevertheless, all fruits of different species were spread out each day

to a thin layer on absorbent paper in the open and returned to room conditions every

evening.

At the end of each field trip (lasting a maximum of 5 days, d), fruits of all species were

transported to the National Museums of Kenya (NMK) laboratory and placed on a

laboratory bench overnight. The following day, all fruits were transferred to the NMK

nursery ground and spread as a thin layer under direct sunlight but between "khaki" papers.

The "khaki" bags were reinforced with staples at the edges to ensure adequate ventilation

and that dehiscing fruits were not blown away by wind. Each day at 5:00 pm, seeds were

returned to the laboratory in order to avoid dehisced seeds imbibing water due to increased

humidity associated with late night showers and cooler temperatures. Seeds dehiscing from

fruits after about 5 d were placed in cotton bags of 30 x 15 em (1 x w) and immediately

dispatched to the GBK dry room (20°C and 15-20% rh) and left to equilibrate. The eRH of

the seeds was regularly checked to ascertain that they were in equilibrium with the dry

room. Seeds targeted for use in later experiments were sealed in aluminium foil bags and

stored in a refrigerator at 5 0 C.

3.1.4 Collection and processing of seeds of other succulent genera.

Since; the seeds of these species are not borne it/side fleshy fruits; they were therefore

harvested manually and placed in absorbent bags "khaki" of 20 x lOx 39 em (1 x w x h)

spread out as a thin layer.These were transported to the NMK within 5 d. Thereafter, seeds

were processed as described above for seeds from the genus Euphorbia.
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3.1.5 Preparation of lithium chloride for conditioning seeds

Lithium chloride is a salt, which equilibrate steadily to a specific relative humidity

depending on the prevailing temperature. It is therefore one of the salts commonly used to

provide relative humidity required for controlled seed ageing experiments (Hay et 01.• In

press).

In this investigation, 370 g of lithium chloride (Fischer Scientific, UK) was weighed onto

an aluminium crucible using a top pan balance (Sartorius, Germany). This was placed in a

plastic beaker containing I litre (I) of distilled water (dH20) and stirred on an un-warmed

hot plate (Stuart Scientific, UK). The reaction between lithium chloride and water is

exothermic and produces a lot of heat. To prevent the solution from losing moisture due to

evaporation, an aluminum foil cover was placed over the beaker. The rh specific to the

concentration of the dissolved salt (47% at 20°C) was confirmed using a Rotronic

measuring station W A-40 with BT -RSI display unit (Rotronic Instruments Ltd, Crawley,

UK). This solution was allowed to cool in a sealed Duran screw top 500 ml jar (Schott,

Germany). Excess salt solution was stored at +5 °C.

3.1.6 Conditioning of seeds prior to seed ageing

Seeds dried to equilibrium in the GBK dry room were transferred to the dry room air lock

chamber and sub-divided into 16 replicates of 100 seeds each. With the exception of those

species with very small seeds e.g. E. hirta and Kalanchoe spp. which were placed in open 2

ml glass bottles, each replicate of the other species was placed in an open 15 rnl bottle and

placed above 47% lithium chloride solution in ill. air-tight polycarbonate box of 28.5 x 28.5

x ~J.S em (l x w x h). To prevent seeds [rom having direct contact with ~:l\~lithium chloride

solution during conditioning, the individual replicate bottles were placed horizontally (with

rubber seals removed) on a flat perforated plastic mesh 26.8 x 34.4 em (1 x w; Darice

Plastic Canvas, USA) supported by two sandwich boxes 17 x 11.5 x 5 em (l x w x 11;

Stewart plastics, UK) each half filled with 47% rh lithium chloride solution. The edges of

the plastic grid were supported by four plastic 5 em long down pipes to ensure a stable

platform for the glass bottles. The air-tight box was held at 20°C for 21 d to allow the seed
r

to take up moisture (Fig. :1).
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Figure 3 A pictorial representation of rehydrating seeds over lithium chloride solution
(from Davies and Probert, 2004).
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3.1.7 Preparation of lithium chloride for seed ageing

The same procedure for preparing the solution used for conditioning seeds as above was

adopted with the following two modifications. Firstly, 300g of LiCl was dissolved in 1 1

dH20. Secondly, the prepared lithium chloride solution was confirmed to be in equilibrium

with 60 % rh at the seed ageing temperature of 45° C.

The polycarbonate box containing the conditioned seeds was removed from the GBK dry

room after 22 d and taken to the air-lock room. Individual replicate samples were removed

and vials sealed with rubber seals for each glass container. These were further sealed

hermetically using aluminum foil for transport by road to the NMK. On arrival at the NMK;

one replicate of 100 seeds was removed to test viability (five replicates each of 20 seeds).

Where sufficient seed numbers existed, moisture content was determined gravimetrically

using five replicates each of 20 seeds before and after drying seeds in a ventilated oven at

103°C for 17 hours according to the International Seed Testing Association procedure for

non-oily seeds (lSTA, 1985; 2005). Moisture content was then calculated using the

following equation [eqn(8)]:

(O/! ) f.WI +dwt 100me /0 .wl = x
Lw;

Where me is % moisture content, f.wt is fresh weight and d.wt is dry weight

The remaining 14 replicates held in open 50 ml glass bottles were placed horizontally on a

perforated plastic mesh 26.8 x 34.4 em (I x w; Darice Plastic Canvas, USA) supported by

two sandwich boxes (17 x 11.5 x 5 em (I x w x h; Stewart plastics, UK) each half filled

with the 60% rh LiCI solution within a larger polycarbonate box 28.5 x 28.5 x 13.5 em (l x

w x h) with rubber seals at the edges to prevent inward leakage of air. The box was

returned to an oven regulated at 45° C. During storage, 12 seed samples were sequentially

removed for assessment of viability at pre-determined intervals between 1 and 125 d. Seed

moisture content was also determined; us before, at 1, 10 and 50 d.

3.1.8 Calibration of Rotronic meter and checking of solutions

The Rotronic meter was 'calibrated before experiments began to ensure accuracy of data

collected at a specific temperature. The measuring Rotronic work station (W A - 40) was

attached to a display unit (BT - RSU). Rotronic standards of 0.5, 20, 50, 80 and 95 % rh

(LiCI solutions supplied in glass ampoules; Rotronic ag, Technik Fur Profis, Germany) ..
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were placed alongside the meter in an oven regulated at 45° C for 30 nun prior to

measurement. For each standard in turn) the ampoule was snapped open and the solution

tapped onto a clean textile pad (Rolronic). The textile pad was enclosed below the Rotronic

sensor and the equipment switched on while inside the oven. An adaptation time and a

sequential approach of placing standards below the sensor as recommended by the

manufacturer was adopted. The reading of the Rotronic was recorded after the expiry of the

required adaptation time of 30 min and 1 h. The calibration data was plotted and analysed

by linear regression of measured rh against standard rh and subsequent measurements

adjusted according to the fitted equation (Fig. 4).

Since seed samples were removed for viability assessment following retrieval and opening

of the large polycarbonate box from the oven to room conditions where rh is likely to

change depending on ambient weather conditions, it is important that the solution is

checked and adjusted every 2-3 weeks if necessary in order to ensure the correct rh is

maintained. To ensure this, a sample of the LiCI solution was placed on a plastic 4.5 em

diameter Petri dish (Rotronic) held below the Rotronic sensor then allowed to equilibrate

for 30-40 min at 45°C. If required, the ageing solution W~ adjusted by adding d...•1-hO to

ensure 60% rh was maintained.

The rh of ageing seeds was also measured directly by removing a sample of seeds sufficient

to _3/4 fill [or the Rotronic measuring chamber; for bigger Euphorbia seeds such as E.

magnicapsula, this is equivalent to two replicates of 100 seeds. For E. candelabrum this

was equivalent to three replicates each of 100 seeds. A reading was taken after 30 min.
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3.1.9 Preparation of agar and seed germination

The samples removed from the ageing experiment were sown on 1% dH20 agar prepared as

follows. Using a top pan balance (Sartorius, Germany), 109 of powder agar (Merck,

Germany) was weighed on an aluminium crucible. Simultaneously, 500 ml of dH20 was

measured using a graduated cylinder and placed in a Pyrex Duran beaker (Scott, Germany)

and heated on a hot plate. Another 500 ml of dH20 was also measured into a second beaker

and placed on a laminar air flow bench. Once the water had boiled, agar was added and

allowed to dissolve whilst stirring using a magnetic stirrer. Once dissolved, the agar

solution was removed from the hot plate and added to the cold 500 ml water. After stirring.

the agar was poured into 90 mm Petri dishes (Sterilin, UK) and allowed to set. Twenty

seeds [or each species were sown 'in each Petri dish replicated five times (1STA, 1999) and

placed to germinate in an incubator with a set 12 hour light and constant temperature of

25°C. Plates were arranged on top of each and regularly checked for germination (radicle

emergence greater than 2 mm) until no further germination was observed (Plate 1).

3.1.10. Data analysis for comparative longevity for single populations

Seed longevity data derived from ageing experiments for single populations were assessed

through probit analysis (Finney, 1971) in Genstat for Windows, Version 8.1 (Lawes
~

Agricultural Trust, UK). Probit analyis is suited for this study since it is a weighted

regression that captures precisely the behaviour of the mean longevity of the majority of the

seeds in a given population. This therefore gives a true reflection of seed longevity in a

species. The estimate of the time taken [or seed viability to fall to 50% (Pso) and the rate of

viability loss (0) were derived by essentially fitting eqn (2):

v=K _pi
1 10'

Where v is viability in NED (assessed by germination normally) after storage for p days, K
is the seed-lot constant equivalent to the y-intercept of seed survival curves transformed

into NED and a the standard deviation of the frequency distribution of seed deaths in time

(Ellis and Roberts, 1980 a,b) in the storage environment used in this experiment. Graphs
r

were produced using Origin 6.1 computer programme (MicroCal, USA). In order to

consider whether species life-form within Euphorbia was a determinant of comparative

longevity, \OglO0 for the annual herbs (E.hirta and Eheterophyllai, shrubs with fleshy root

or rhizomatous roots (Shrub 1: Egraciliramea, E.meriodinalis, E. taruensis and
"
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Plate 1. 90 mm Petri dishes showing A) Euphorbia heterophylla B) Euphorbia tirucalli C)

Kalanchoe mitejea and D) Edithcolia grandis seeds germinating on 1% water agar.
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Etenuispinosai, shrubs growing to about 3 metres (Shrub 2: E. cunneata, E. psedoburuana,

E. heterochroma, E. scarlatina, E, scheffleri and E.gossypina) and trees (Ebussei, E,

candelabrum, E. magnicapsula, E. quinquecostata, E. robecchii and E. tirucalliy were

recorded and one-way analysis of variance (AN OVA) of 10gIO(J against the four life-forms

as factors carried out in Genstat.

3.2 Objective 2. Comparative longevity for seeds from diITerent populations and / years of

Euphorbia, Edithcolia and Kalanchoe.

3.2.1 Seed collection, processing and ageing

Seeds were collected from several populations for Euphorbia species; E. candelabrum, E.

hirta. E. heterophylla, and E. magnicapsula as described above (section 3.1.2). Further,

seeds from several populations of Kalanchoe mitejea and Edithcolia grandis overlapping

with Euphorbia in their in-situ distribution were also collected. Processing, germination,

ageing and moisture content determination were undertaken as outlined in the comparative

longevity protocol (section 3.1.3 - 3.1.9).

3.2.2 Data analysis for different populations and / or years

Data was analysed as described above for comparative longevity (section 3.1,10) with

modifications in order to determine within and between species longevity differences.

Firstly, a model was fitted with separate estimates for K, and the slope (model 1). The

model was then changed by dropping the year or population designation (i.e. constraining

LO common Kr, model 2), the year or population and tinie (i.e. constraining to common

slope, model 3), or both (i.e. constraining to a single line model 4). Models were compared

by analysis of residual deviance using an F-test to assess significance.

3.3 Objective 3. Moisture relations of longevity in six Euphorbia species.

3.3.1 Methodology to determine moisture effects on longevity

To ascertain moisture eITects on seed longevity and hence derive species viability constants,

the methodology used in the seed viability model was adopted (Ellis and Robert) 1980 a, b).

This model guides aspects of seed processing, sampling and analysis as described further

below (section s 3.3.2 --3.3.5).
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3.3.2 Seed collection and processing

Of the 18 Euphorbia species collected and investigated for comparative longevity studies;

six species were selected for detailed work on the effect of moisture content on seed

longevity (Table 3). Criteria for species selection was based on the species ability to

produce high seed numbers (> 10,000) required for controlled ageing tests, These species

were selected to represent herbs (II. hirta and E. heterophylla), shrubs (E. pseudoburuana

and E. heterochromai, and trees (E. quinquecostata and E. bussei). For each of these

species; at least 10;000 seeds were required. Following collection and processing as

outlined earlier (section 3.1.3), seeds were left drying in the GBK dry room (20° C and 15%

rh) until experiments began.

Table 3. List of Euphorbia species used for studies on moisture effects on longevity

and their sampling intervals during seed ageing.

Species
Sampling intervals (days) for respective relative humidities:

25% 35% 45% 55% 65% 75%
E. bussei 149 69 33 16 7 3
E. heterochroma 52 28 16 9 5 2
E. heterophyl/a 142 74 40 22 11 5
E. hirta 241 112 54 26 11 5
E. quinquecostata 79" 41 22 11 6 3
E. pseudoburuana 204 95 46 22 10 4

Sampling intervals for vanous humidities were arrived at through extrapolation of the

initial longevity findings based on one humidity level (objective 1).

3.3.3 Preparation of lithium chloride solution for seed ageing

To prepare LiCI solutions in the range 25 -75% rh, the appropriate quantity of LiCI was

dissolved in dH20. This was done as described earlier (section 3.1.5) following the

methodology described by Hay et al., (in press). For 25; 35; 45; 55, 65 and 75 % rh, this

was 575,470,385,317,253 and 193 g r', respectively. Solutions were decanted into 27.5 x

18 x 13 em (l x w x h) air-tight electro-speed boxes and left in an oven af45 °Covemight

before rechecking the rh the following day. Where appropriate, the rh of the solutions was

adjusted prior to use for s~ed ageing.

3.3.4 Controlled seed ageing

For each species; the moisture content determined in the comparative seed longevity studies

(where seeds were in equilibrium with 60% rh at 45°C) was used to estimate the
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equilibrium moisture contents corresponding to the rh of the LiCI solutions (i.e. 25, 35, 45

55,65 and 75%) using Cromarty et al., (1985) [eqn(9)]:

o _ (1-DJ~-4401n(1- r'}{oo)
m(Yod.wt.)- 1

1.1 + :190

where m is moisture content, Do is oil content (% d.wt), rh is rei alive humidity, In natural

log and t is temperature (0C).

Each species seed-lot was removed from the dry room and taken to the air-lock chamber.

Within this chamber, seeds were not exposed to changes in relative humidity and therefore

remained in the same water activity. Immediately, seeds were then sub-divided into six

equal sub-samples corresponding to the six storage moisture contents. Each sub-sample was

further divided into sub-samples equal to the predicted sampling intervals (each 100 seeds)

and placed in open 2 ml (E. hirta) or 15ml glass vials (other species). These sub-samples

were enclosed inside air-tight electro-speed boxes (27.5 x 18 x 13 em, I x w x h) containing

one of the LiCI solutions, As expected in storage studies, at the higher moisture content

provided by the higher rh, seeds would die faster. Therefore using preliminary findings

from the moisture content used in the comparative studies, actual seed death at these six

moisture contents were ~erived by extrapolation using Micro-soft excel computer

programme for each species and consequently a sampling plan during storage at 45°C

derived (Table 3). During storage, stability of storage rh was ensured by regular re-

checking using the Rotronic meter and appropriate adjustments made, usually by adding

dH20.

Except in E. hirta where due to their small size and limited seed numbers moisture content

could not be determined, for the other five species, 100 seeds (5 replicates x 20 seeds) were

used for moisture content determination after 1, 10 and 50 d in storage. Viability decline

during storage was assessed by germination tests using 100 seeds in 5 replicates of 20 seeds

each on 1 % dH20 agar at 25° C. The time to sample for tests on viability was dependent on

storage rh, with shorter sampling intervals at the higher storage rh (Table 3),

','
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3.3.5 Data analysis for moisture effects on longevity

Probit analysis of seed survival data was executed using the Genstat for Windows computer

package (version 8.1) to provide estimates of K and (J. This equates to fitting equation 1 to

the data. Graphs of probit percentage viability against storage period were produced in

Origin computer programme. Conversion of seed data to IOglOwas used where possible as

this makes trends in binormal type of data very consistent and reliable. With the exception

of E. hirta, linear regression of 10glO(J against loglo me was carried out in Origin to provide

estimates of the species constants Cw (slope of regression relationship) and K (the intercept

of the linear relationship). These constants were fitted to Equation, 1 to predict longevity

(Flynn et al., 2006) at ambient, refrigeration and seed bank conditions. For all species,

linear regression of 10glO (J against storage relative humidity was also fitted to derive

constants Krh and Crh (equation 7) from the intercept and slope of the relationship

respectively. In addition., simple linear regression with groups (corresponding to the

different species) of 10glO (J against 10glOme or rh was carried out in Genstat in order to

assess whether there were real differences in Cw or Crh between species, using analysis of

deviance as before (section 3.2.2).

3.4 Objective 4. To determine how various factors such as moisture sorption properties,

oil content, climate and "seed structure affect longevity in at least five Euphorbia

species.

3.4.1 Seed collection and processing

Seed-lots [or this investigation were selected from seeds used for comparative longevity

studies (objective 1 and section 3.1.2). These seeds were stored in the GBK dry room (200

C and 15% rh) until experiments began.

3.5 Water sorption properties

Dry seed samples in equilibrium with the GBK dry room were sealed in laminated foil

packets and transported by courier to the United Kingdom., WakehursfOPlace (WP)

laboratory. The seed dispatch coincided with research visits by researcher to,\vp' These
; .'' ~. ';!

seed-lots were selected from large samples used for comparative longevity studies

(objectives 1 and 2). At WP, seed-lots were further dried above re-activated silica gel in
open 3cm Petri dishes enclosed in a polycarbonate box of29.5 x 29.5 x 13.5 em (l x w x h)

until experiments began on 17th November 1996. Further drying was necessary since seed

longevity is mainatined well at lower moisture contents.
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Automated water sorption isotherms (WSI) were determined for each species seed-lot at

45°C by placing a sample inside a glass sample pan in an IGAsorp (Hiden lsochema

Scientific Ltd., Warrington, UK). The JGAsorp consisted of a micro-balance with a hanging

sample pan which; when an isotherm is being determined; is enclosed by a block within

which temperature and rh is controlled. The change in sample weight is measured

automatically as humidity increases (during adsorption) or decreases (desorption).

Five seeds per species {with all exception of E. hirta whet e seeds were small) v. ere

removed from the polycarbonate box and immediately cut into small pieces using a scalpel

blade. A random sample of the cut seeds was loaded to the glass sample pan for isotherm

determination. Adsorption isotherms were then determined at 45°C using an isotherm

programme which increased the rh in steps from ° through 2, 5, 10, 15, 20, 25, 30, 40, 50,

60, 70; 75; 90; 92; and 95% rho Humidity flow rate of 300 ml per min was automatically

controlled through the mixing of wet and dry streams of gas (Zero grade, BOC, UK). Total

run time was typically 4-6 d per species.

Isotherm curves were generated by fitting the D' Arcy Watt equation [eqn(lO)]:

K'Ka k'ka
M = w +ca + • w

W 1+ Ka
w

W l-ka
w

Where M; is water content (proportion of dry weight); aw is water activity (=rhll 00); K'and

K are parameters which relate to the number and strength of strong water binding sites; cis

a measure of the number and strength of weak water-binding sites; k' and k are measures of

the strength and number of multi-molecular water sorption sites; precisely bulk water (SUl1;

2002).

3.6 Oil content determination

Seeds from eight Euphorbia species used for the comparative longevity studies were stored

in the GBK dry room until when they were hermetically sealed in aluminium foil packets

and transported by courier to WP dry room On arrival; foil packets were opened and seeds

l;ft in the WP dry room (15 % rh and 15°C) until experiments began.

Oil content was determined using supercritical C02 extraction, performed by a Fat Analyser

(SFX 3560; ISCO Inc., USA). Approximately 3g of seed sample was weighed and ground

using a laboratory mill (lKA-WERKE All basic mill; Germany) with 6 g of Wetsupport'P'
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(Diatomaceous earth; Pelican Scientific, UK) to absorb the oil, thus preventing any loss

during grinding. The ground sample was passed through a 1 mm sieve to maintain a

constant particle size of < 1 mm. The ground sample was divided between three pre-

weighedextraction tubes containing one third Ottawa 20/30 mesh sand to protect the lower

filter Irit (Pelican Scientific UK). The tubes were reweighed in order to determine sample

weight.A thin layer of sand was added to protect the upper flit. The extraction tubes were

thensealed and placed in the Fat Analyser.

Glass collection tubes (25 ml-ISCO, USA) containing approximately 2 g glass wool were

weighed and attached to the extractor sample outlets. For every three replicates, one blank

containing no oil (containing wet support and sand) and two controls (wet support, sand

and 100% sunllower oil) were included to monitor the accuracy of the extraction process.

Oil was then extracted at a CO2 pressure of 6000 pounds per square inch (p.s.i) at 80°C

using a two step process. Firstly, dynamic extraction for 90 min per sample at a restrictor

now rate of 2.0 ml/min. Secondly, using 15 % ethanol and a CO2 pressure of 6000 p.s i at

80 "C, dynamic extraction for 60 min per sample. Extracted oil was trapped in the glass

wool and then dried in a vacuum oven (Binder) for 1 hour at 70°C to remove any water

that may have been co-extracted. Samples for both steps were then re-weighed and

combined to calculate the percentage oil content of the original sample (dry weight basis).

Mean oil content (and standard error for mean) from three replicates per species was then

calculated for each of the eight Euphorbia species investigated.

3.7 Seed size, embryo size and seed dry weight

Fiveseeds from each of the 12 Euphorbia species were hydrated for 2-3 h in 1% water agar

in a 90 mm Petri dish at 25°C. Hydrated seeds were removed from agar, placed on a dry

filter paper on a Petri dish and cut longitudinally under a microscope using a scalpel blade.

One longitudinal section of each seed was placed under a Zeiss Microscope (Stemi SV 11,

Southern Microscopes, UK). Background lighting for the microscope was provided by

Zeiss KL 500 LCD (Scott, UK.) lights. Seed sections were photographed using Carl Zeiss

(Version 3.1) Axion colour camera between 1.2 and 1.6 magnification. The area occupied

by the embryo and the whole seed (i.e. embryo and entire endosperm) was measured by

drawing around (mm) and the proportion of seed occupied by the embryo or seed area for.,

each longitudinal section calculated automatically by the camera. To measure seed dry

weight, samples of 10-40 seeds (depending on size) from 11 Euphorbia seeds were dried

for 17 hours at 103°C (section 3.1.7). After cooling the seed for 15 minutes (min), seed
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weight were determined and the number of seeds in the sample counted in order to calculate

mean seed dry weight.

3.8 Climate and geographieal data

Meteorological parameters from the locations of each collection of Euphorbia, Edithcolia

and Kalanchoe species were derived against latitude and longitude data taken at the time of

seed collection (Table 2). Using geographical information system (GIS), these coordinates

were used in Worldclim (Hijmans et al., 2005) to derive mean monthly rainfall and

temperature. The mean temperature for the six months post seed dispersal and mean annual

rainfall were calculated for each of the 39 locations.

3.9 Data analysis

Using Origin, linear regression analysis was carried out for seed longevity (G on either a

linear of 10glO scale) against each of the variables, oil content, seed size (mean seed area

and mean seed dry weight), proportion of embryo area to seed area, and number of strong;

weak, or loosely bound water sorption sites. Since viability constants were determined for

the species: Euphorbia heterophylla, E. pseudoburuana, E. heterochroma and E.

meridionalis, their corresponding oil values and moisture sorption binding properties were

also analysed by linear regression.

Oil content was also deri ed for those species which had moisture contents calculated

during the comparative longevity tests using Cromarty's eq uation [eqn(9)] at J sce and 1.5}~

rho Further oil content was derived for conditions of 45°C and 60% rh used in seed storage, ,-

in this investigation (objective I and 2) during longevity tests. These values were used in

further linear regressions against oil content determined using the Fat Analyser to ascertain

whether these two methods provide similar results.

TIle relationship between seed longevity and climate was also assessed. Exploratory data

analysis including that of a li.near regression of rainfall against temperature was carried out.

Due to the expected adverse conditions prevailing within the arid and semi arid lands where

seed-lots were collected, separate linear regressions were separately carried out for seed
,

longevity (0) against rainfall and temperature.
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CHAPTER 4 RESULTS

4.1 Comparative longevity between different species

The equation used for describing seed survival curves (equation 2) recognises the constant

K, as the potential longevity of a seed-lot whilst (J estimates decline in seed viability in days

during storage in a known environment. Specifically, (J quantifies the time taken for seed

viability to fall by one NED.

For each species / seed-lot, seed survival followed a typical sigmoid pattern (Figs. 5-12).

During seed storage at 60% rh and 45°C, there were differences in terms of the time taken

[or seeds of the different species to deteriorate and lose all viability. Under these

conditions, seed storage life of the 24 succulent species ranged from the longest period of

>120 din E. hirta (Kivani year 1, Fig. 6 D) to the shortest period of < 20 d in E. robecchii

(Fig. 8 A). The time taken [or seed-lots for species [rom the other two genera to lose all

viability was between 80 and 25 d for Kalanchoe species (K. laciniata and K. mitejea

Yambyu; Figs. 11C and 12A) whilst the time taken for the Edithcolia grandis seed-lots to

lose viability completely ranged between 40 (Mwingi and Nuu year 2) and ca 120 d

(Ngorneni and Ndooa year 2; Fig. 10).

O[ the 24 succulent species [rom the three genera investigated for comparative longevity,

the majority difTered in terms of their initial viability (germination before storage).

Assessed by the seed-lot constant Kr, longevity varied between species and genera. Precisely

in terms of K; the initial viability was in the range of -1.0 (Euphorbia robecchtii to 5.66

NED iKalandioe milejea-Thua; Table 4). Particularly low K, (NED <0) values were

recorded for E. robecchii, E. bussei. E. cuneata, E. meridionalis, E. scarlatina (Kajiado), E.

candelabrum (Mwingi, year 2), and E magnicapsula (Muumandu and Naivasha),

indicating < 50% viability at the start of storage. TIle highest K, observed for a Euphorbia

seed-lot was 4.79 NED (E. candelabrum, Mwingi year 1). In contrast to the generally low

K, for seed-lots from the genus Euphorbia, species from the genus Kalanchoe recorded a

consistently high initial viability ranging [rom 2.19 NED for K. glaucescens to 5.66 NED

for K. mitejea Thua (Table 4). Edithcolia grandis also generally had a higher potential

,longevity compared with!he majority of species [rom Euphorbia (K, = l.09 to 3.59 NED),
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Figure 5. Survival curves fitted by probit analysis (best fit regressions) for seed-lots of A.

Euphorbia bussei, B. E. cuneata, C. E. graciliramea and D. [our populations of E

candelabrum - Mwingi year I (II), Mwingi year 2 (e), Malili (+), Maji-moto (A} Seeds
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Kalanchoe mitejea (Yambyu) to 35.7 d in Euphorbia cuneata. The genus Euphorbia

showed some shorter and longer-lived species with regard to the time required to lose one

NED. For example, E robecchii would take 6.0 d to lose one NED compared to 35.7 d for

E. cunneata (Table 4). In contrast, 0 for species from the genera Kalanchoe ranged from

4.7 d for K. mitejea (Yambyu) to 14.9 d in K. laciniata (Table 4). Nevertheless, seeds of K.
bipartita appeared to germinate instead of deteriorating in the controlled ageing tests thus

indicating dormancy in the seeds. Despite the [act that Edithcolia grandis seed-lots had

relatively consistent high initial viability prior to storage, 0 ranged between 6.4 and 26.3 d,

more than four fold difference.

4.2 Longevity between different populations and / or seeds from different years

Three Euphorbia species, F hirta. E. candelabrum and E. magnicapsula were studied for

within species difTerences in longevity through seeds collected from three different

populations. Further, F:. hirta. F:. heterophylla and E. candelabrum were studied for a

minimum of two difTerent years while two populations of Edithcolia grandis were each

investigated [or two different years. Euphorbia scarlatina and E. quinquecostata were each

studied using seeds collected from two different populations.

Seed survival curves conformed to a typical sigmoid pattern and were therefore analysed by

probit analysis in accordance with equation 2. Various models were fitted to the data within

each species as described in the methods (section 3.2.2).

With the exception of Euphorbia heterophylla ( Fig. G C; Tables 5-6), data for seed-lots

representing different years for each of f~·.hirta. R. candelabrum and Edithcolia grandis

could be constrained to common slopes without significant increases in the residual

deviance (P>().05; Figs. 13 - 14) compared with the maximal model. However, they

differed in their initial viability; reducing the mode! further i.e. constraining to a single line,

did result in a significant increase in residual deviance for each species (P<O.05),
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Table 4. Results of probit analysis for seed-lots investigated for comparative longevity. Seeds were aged at

recorded. Data was analysed using probit analysis in Genstat,

Estimated
Me ± s.e. oil (% LD 50 ± s.e. Slope ± s.e.

Species Population (% f.wt.) d.wt.) (d) (d"1) K; ± s.e. (NED) 0" (d)
Euphorbia bussei Mwingi B.9±0.15 22.4 -0.7 ± 2.27 -0.043 ± 0.0053 -0.31± 0.066 23.3
E. candelabrum Malili 6.6 ± 0.68 43.7 15.0 ± 1.54 -0.033 ± 0.0027 0.50 ± 0.068 30.3
E. candelabrum Maji Mota 6.7 ± 43.6 54.1 ± 1.71 -0.044 ± 0 0034 2.37 ± 0.159 22.7
E. candelabrum Mwingi Year 2 * - -1.7 ± 1.46 -0.052 ± 0.0055 -0.09 ± 0.066 19.2
E. candelabrum Mwingi Year1 64 (na) 45.5 66.5±1.45 -0.072 ± 0 0069 4.79 ± 0.474 13.9
E. cuneata Ngomeni 5.6±1.12 47.3 -2.3 ± 2.49 -0.028 ± 0.0031 -006± 0.061 35.7
E. gossypina Kitanga · 13.8 ± 072 -0085 ± 0.0056 1.16±0.078 11.7

E. graciliramea Kajiado · 5.3 ± 048 -0.121 ± 0.0103 0.63 ± 0.075 8.3
E. heterochroma Baringo 7.1 ± 1.08 39.1 16.6 ± 072 -0 098 ± 0.0061 1.62 ± 0.093 10.2
E. heterophylla Kivani Year 1 1.2 ± 060 38.2 42.9 ± 0.98 -0.059 ± 0.0036 2.53 ± 0160 17.0
E. heterophylla Maseno · 34.4 ± 1.21 -0 066 ± 0.0052 2.27 ± 0.174 15.2

E. heterophylla Kivani Year 2 · 23.5 ± 0.86 -0.093 ± 0 0063 2.20 ± 0134 10.8
E. heterophylla Kivani Year 3 · 14.9 ± 0.56 -0148 ± 0.0092 2.21 ± 0.128 6.8
E. hirta NMK Year 1 * 56.8±190 -0031 ± 0.0021 1.73±0.124 32.3
E. hirta NMK Year 2 * • 10.9 ± 1.66 -0.037 ± 0.0034 0.40 ± 0.080 27.0
E. hirta Maseno 8.6±078 25.0 9.1 ± 943 -0041 ± 0.0096 -0.37 ± 0.382 24.4..
E. hirta NMK Year 3 · 6.3 ± 104 -0051 ± 0.0053 0.32 ± 0.066 19.6
E. magnicapsula Naivasha 8.2 ± 0.69 28.8 -1.9 ± 4.82 -0.038 ± 0.0062 -0.07 ± 0.156 26.0
E. magnicapsula Muumandu 64 (na) 45.5 -11.9±3.51 -0.046 ± 0.0065 -0.55 ± 0.083 21.7
E. magnicapsula Kajiado 8.3:t031 27.9 8.9±1.53 -0.053 ± 0.0059 0.48 ± 0.115 18.9
E. magnicapsula Gigil 7.1 :t CJ43 39.1 41.2 ± 1.40 -0.056 ± 0.0041 2.39 ± 0163 17.9
E. meridionalis Athiriver 5.6:t 0.84 52.7 -1.4 ± 0.91 -0094 ± 0.0099 -0.13±0072 10.6
E. pseudoburuana Maji mota 6.1 t 0.98 43.6 1 (.4 ± 0.06 -0 080 ± 0.0040 1.40 ± 0.074 12.5
E. quinquecostata Ngomeni 71±O.81 39 1 14.9 ± 0.62 -0.078 ± 0.0049 1.16 ± 0.087 12.8
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Table 4. Continued.
E. quinquecostata Mutomo 7.6 ± 0.28 344 1.5±0.80 -0.160 ± 0.0241 0.24 ± 0.144 6.3
E. robecchii Taita village * - -6.0 ± 2.64 -0.166 ± 0.0416 -1.00±0.110 6.0
E. scarlatina Kajiado 6.9 (na) 40.9 -5.9±1.91 -0.094 ± 0.0159 -0.56 ± 0.082 10.6
E. scarlatina Suswa 6.6 ± 0.98 43.7 1.9 ± 0.84 -0.131 ± 0.0178 0.26 ± 0.127 7.6
E. scheffleri Ngomeni 5.8±0.21 50.9 25.9 ± 1.56 -0.040 ± 0 0029 1.04 ± 0.076 25.0
E. taruensis Taru quarry * 36.6±141 -0.048 ± 0.0028 115 ± 0.088 20.8
E. tenuispinosa Mwingi 6.3 ± 0.53 46.9 7.1 ± 0.50 -0.124 ± 00096 087 ± 0.077 8.1
E. tiruca/li Kivani * 39.4 ± 1.65 -0037 ± 0.0022 141±0073 27.2

Edithcolia grandis Ngomeni Year 1 * 607 ± 1.71 -0.037 ± 0.0021 2.22 ± 0.126 27.0
E. grandis Ndooa Year 2 * . 47.7 :t 1.69 -0.038 ± 0.0021 1.81 ± 0.092 26.3
E. grandis Ndooa Year 1 6.6 ± 040 43.7 27.7 ± 1.40 -0.039 ± 0.0029 1.09 ± 0.098 25.5
E. grandis Nuu Year 1 * 45.5 ± 1.33 -0.051 ± 0.0037 2.33 ± 0.159 19.6
E. grandis Nuu Year 2 * 19.9.± 0.66 -0.128 ± 0.0091 2.54±0.180 7.3
E. grandis Mwingi * 22.9 ± 0.62 -0.157 ± 0.0137 3.59 ± 0.317 6.4

Kalanchoe boranae GBK * 35.6± 1.09 -0.082 ± 0 0058 2.93±0.194 12.2
K. glaucescens GBK * 21.2 ± 0.78 -0.103 ± 0.0083 2.19 ± 0.173 9.7

K laciniata GBK * • 41.0 ± 1.28 -0.067 ± 0 0049 2.74 ± 0.196 14.9
K lanceo/ata WP . 21.2±O86 -0.085 ± 0.0054 1.80 ± 0.099 118·
K mitejea Thua * 334 ± 0.59 -0.169 ± 0.0150 5.66 ± 0.510 5.9
K. mitejea Yambyu * 12.9 ± 0.34 -0.212 ± 0.0125 2.73±0.162 4.7

K. mitejea Ngomeni * 22.7 ± 045 -0.152 ± 0.0096 346 ± 0.216 6.6

* Seeds were too small or few for accurate moisture content determination.

1 Oil content estimated using Crornartys equation (1984) and the determined moisture contents.
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Table 5. Parameters from regression analysis [or seed-lots collected [rom different years

for Euphorbia candelabrum, E. heterophylla and E. hirta.

Species Model Population K; se KI Slo~e 5e Slope F-value
fitted (NED) .(d )

E candelabrum Model 1 Mwingi Y1 4.79 0.474 -0.072 0.0069

E candelabrum Mwingi Y2 -009 0.478 -0.052 0.0089

E. candelabrum Model 2 Mwingi Y1 0.14 0.064 -0.012 0.0011 68.17***

E. candelabrum Mwingi Y2 0.14 0.064 -0.040 0.0057

E. candelabrum Model 3 Mwingi Y1 4.04 0.305 -0.061 0.0043 1.99 ns

E. candelabrum Mwingi Y2 0.02 0.284 -0061 0.0043

E candelabrum Model 4 Mwingi Y1 -0.25 0.053 -0.010 0.0012 61.26***

E candelabrum Mwingi Y2 -0.25 0.053 -0.010 0.0012

E heterophyt/a Model 1 Kivani Year 1 2.53 0.160 -0.059 0.0036

E heterophylla Kivani Year 2 2.19 0208 -0.093 0.0073

E. heterophyt/a Kivani Year 3 221 0.205 -0.148 0.0100

E heterophylla Model 2 Kivani Year 1 2.29 0.082 -0.043 0.0039 1.05 ns

E heterophyt/a Kivani Year 2 2.29 0.082 -0.011 0.0039

E heterophylla Kivani Year 3 2.29 0.082 -0046 0.0064

E heterophyt/a Model 3 Kivani Year 1 3.55 0.142 -0.084 0.0032 41.24***

E heterophyt/a Kivani Year 2 203 0.117 -0084 00032

E. neteroptiyt!« Kivani Year 3 1.48 0.125 -0.084 0.0032

E heterophylla Model 4 Kivani Year 1 1.59 0.057 -0051 0.0019 74.54***

E heterophyt/a kivani Year 2 1.59 0.057 -0051 0.0019

E heterophylta Kivani Year 3 1.59 0.057 -0051 0.0019

E. hirta Model 1. NMK Year 1 1.51 0.089 0.092 0.0016

E hirta NMK Year 2 0.40 0.120 -0.018 0.0037
E. hirta NMK Year 3 067 0.159 -0.014 0.0081

E hir/a Model 2 NMK Year 1 0.91 O.O::J3 -0019 0.0011 10.65 ns

E hirta NMK Year 2 091 0053 -0.017 0.0031

E hirta NMK Year 3 091 0.053 -0044 0.0049

E. hirta Model 3 NMK Year 1 1.67 0.085 -0031 0.0015 3.55 ns

E hirta NMK Year 2 0.29 0.084 -0.031 0.0015

E hirta NMK Year 3 0.13 0.094 -0.031 0.0015

E hirta Model 4 NMK Year 1 0.47 0.044 -0.019 0.0011 24.91 •..•.•

E. hirta NMK Year 2 0.47 0.044 -0019 0.0011

E hirta NMK Year 3 0.47 0.044 -0.019 0.0011

Model I = maximal model (best-fit regressions); Model 2 = constraining to common Kj;

Model 3 = constraining to common slope and Model 4 = constraining to a single line as

described in text. Significant increase in deviance compared with model 1 ***P<O.OOlj ns-
not significant.
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Table 6. Parameters from regression analysis for seed-lots collected from different years

for Edithcolia grandis .

Species Model Population Ki se KI Slope se Slope F-value
fitted

Edithcolia grandis Model 1 Nuu Year 1 2.33 0;159 -0.051 0.0037

E grandis Nuu Year 2 2.54 0.240 -0.025 0.0099

E. grandis Model 2 Nuu Year 1 2.43 0.118 -0.053 0.0029 0.071 ns

E grandis Nuu Year 2 2.43 0.118 -0.016 0.0052

E. granols Model 3 Nuu Year 1 2.98 0170 -0.068 0.0040 6.033 ns

E grandis Nuu Year 2 1.57 0.132 -0.068 0.0040

E. grandis Model 4 Nuu Year 1 1.64 0.084 -0.043 0.0026 9.145*

E grandis Nuu Year 2 1.64 0.084 -0.043 0.0026

E. grandis Model 1 Ndooa Year 1 109 0.098 -0.039 0.0029

E grandis Ndooa Year 2 1.81 0.092 -0.038 0.0021

E. grandis Model 2 Ndooa Year 1 1.50 0.066 -0.050 0.0024 10.77*

E grandis Ndooa Year 2 1.50 0.066 0.067 0.0022

E. grandis Model 3 Ndooa Year 1 106 0.072 -0038 00017 0.076 ns

E grandis Ndooa Year 2 1.83 0.079 -0.038 0.0017

E grandis Model 4 Ndooa Year 1 1.06 0.072 -0.038 0.0017 18.61·*·

E grandis Ndooa Year 2 1.06 0.072 -0.038 0.0017
•Model I = maximal model (best-fit regressions); Model 2 = constraining to common Kr;

Model 3 = constraining to common slope; Model 4 = constraining to a single line as

described in text. Significant increase in deviance compared with model 1~ *P<O.05;***

P<O.OOI, ns - not significant.
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Figure 13. Survival curves fitted by probit analysis (constrained to common slope within

species) for seed-lots of A. Euphorbia hirta NMK year 1 (a), NMK year 2 (.), NMK year

3 (A.), and U. E. candelabrum year I (.), E. grandis year 2 (.). Seeds were stored at

45°C and 60% rho

54



100
(A

80

,0:::.
cg
'".5 40~c:
OJ
0

20 •

•
0

0 20 40 60 80 \(X) 120 140
100

(13

80

(JL-~--~--~--~--~~~--~o 20 40 C;O 80 !O() !20 140
Storage period (uuvs)

Figure 14. Survival curves fitted by probit analysis (constrained to common slope within

species) for seed-lots of populations of A. Edithcolia grandis Ndooa Year 1 (_)1 E. grandis

Ndooa Year 2 (e) and B. E. grandis Nuu year J (a), Nuu year 2 (T) .

.,'

55



In the case of seeds of Euphorbia hirta and E..aithcolia grandis (Nuu population) collected

in different years, the survival curves could be constrained to either a common intercept or

common slope (but not both) without a significant increase in residual deviance (P>O.05;

Tables 5-6). Since the Roberts and Ellis viability equations have the supposition that

different seed-lots within a species should have the same value [or 0' (i.e. same slope), this

model should be the preferred model.

When Euphorbia regression data used above was analysed including other populations of

each species that were not investigated for several years and also those not exceeding more

than one population, further variation in seed longevity was evident. E. magnicapsula and

I~·.hirta regressions could be constrained to a common slope without a significant increase

in residual deviance (P>005) but not to a common intercept or single line (P<O.Ol; Fig. 16

A, B: Table 7).

Similarly, seed-lots of both L·. quinquccostata and E. scarlatina from two different

populations could be constrained to a common slope without a significant increase in the

residual deviance (P>0.05; Fig. 15; Table 8) compared with the common intercept and

single line models (P<O.OI).

In contrast, different populations of 1';. heterophylla (Table 9) could neither be constrained

to a common slope nor ~ single line without a significant increase in the residual deviance

(P<O.OOI) compared with the maximal model; while for E. candelabrum, Edithcolia

grandis and Kalanchoe mitejea, none of the three models could be fitted without a

significant increase in the residual deviance (1'<0.00 I) compared with the maximal model

(Tables 9-10).

In terms of longevity assessed by 0', at least two-fold within species differences were

discernible for II. candelabrum (13.9 d Mwingi, year 1) and E. candelabrum Malili

population (30.3 d; Table 4). These two fold difTerences were not evident in E. heterophylla

which recorded 17.0 d for the Kivani population (Year 1) and 15.2 d for the Maseno

population. This was despite the fact that at least two [old longevity differences were

recorded for the Kivani year 3 (G. 8 d) and year I (17.0 d) seed-lots.

Two fold longevity difTerences were evident also in E. quinquecostata populations (6.3 and

12.8 d; Table 4). However, four fold longevity difTerences were apparent in Edithcolia
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Table 7. Parameters from probit analysis for seed-lots of Euphorbia magnicapsula and E.

hirta.

Species Population Model KI se KI Slope se Slope
fitted

Ehirta NMK Year 1 Model 1 1.62 0.104 -0.092 0.0018
Ehirta NMK Year 2 OAO 0.131 -0037 0.0038
Ehirta NMK Year 3 0.67 0.167 -0069 0.0081
Ehirta Maseno 0.37 0.396 0.041 0.0098
Ehirta NMK Year 1 Model 2 0.87 0.056 -0.018 0.0011 7.816*
Ehirta NMK Year 2 0.87 0.056 -0.838 0.0031
Ehirta NMK Year 3 0.87 0.056 -0.812 0.0049
Ehirta Maseno 0.87 0.056 -0.838 0.0033
Ehirta NMKYear1 Model 3 1.80 0.096 -0.033 0.0016 2.236ns
Ehirta NMK Year 2 0.33 0.091 -0.033 0.0016
Ehirta NMKYear3 0.16 0.101 -0.033 0.0016
Ehirta Maseno 0.06 0.127 -0033 0.0016

E.hirta NMK Year 1 Model 4 040 0.046 -0.021 0.0012 20.551"*
Ehirta NMK Year 2 040 0.046 -0021 0.0012
Ehirta NMK Year 3 040 0.046 -0.021 0.0012
Ehirta Maseno 040 0.046 -0.021 0.0012

Emagnicapsu/a Naivasha Model 1 -0.07 0.226 -0.072 0.0074
E.magnicapsu/a Gigil 2.29 0.163 -0.056 0.0041
Emagnicapsu/a Kajiado 048 0.200 -0.058 0.0071
Emagnicapsu/a Muumandu -0.55 0.058 -0.045 0.0077
Emagnicapsu/a Naivasha Model 2 0.30 0054 -0.013 0.0017 61.52***
Emagnicapsu/a Gigil 0.30 0.054 -0020 0.0036
Emagnicapsu/a Kajiado 0.30 0.054 -0.073 0.0081
Emagnicapsu/a Muumandu 0.30 0.054 -0026 0.0040
Emagnicapsu/a Naivasha Model 3 2.13 0.121 -0051 o.cozz 1.054 ns
E magnicapsu/a Gigil 044 0.110 -0.051 0.0027
Emagnicapsu/a Kajiado -0.50 0.122 -0.051 0.0027
E.magnicapsu/a Muumandu 0.19 0117 -0051 0.0027
E.magnicapsu/a Naivasha Model 4 -0.04 0.047 -0.023 0.0017 65.33·"
Emagnicapsu/a Gigi! -OQ4 0.047 -0.023 0.0017
E.magnicapsu/a Kajiado -004 0.047 -0.023 0.0017
Emagnicapsu/a Muumandu -0.04 0.047 -0.023 0.0017

Model I = maximal model (best-fit regressions); Model 2 = constraining to common Ki;

Model 3 = constraining to common slope and Model 4 = constraining to a single line as

described IJ1 text. Significant increase IJ1 deviance compared with model 1 "P<O.05,

***P<O.OO I, ns - not significant.

S9



Table 8. Parameters from probit analysis for seed-lots of E. quinquecostata and E.

scarlatina.

Species Population Model K; se KI Slope se Slope
fitted

E quinquecostata Mutomo Model 1 0.24 0.144 -0.160 0.0241
E quinquecostata Ngomeni 1.16 0.168 -0.242 0.0246
E quinquecostata Mutomo Model 2 0.94 0.074 -0.266 0.0204 16.13**
E quinquecostata Ngomeni 0.94 0.074 -0.465 0.0187
E quinquecostata Mutomo Model 3 -0.19 0.082 -0.084 0.0048 8.72 ns
E quinquecostata Ngomeni 1.61 0.098 -0.084 0.0048
E quinquecostata Mutomo Model 4 0.49 0.062 -0.059 0.0041 72.06***
E quinquecostata Ngomeni 0.49 0.062 -0.059 0.0041
Escaralatina Suswa Model 1 -0.56 0.082 -0.094 0.1590
Escaralatina ~ajiado -0.26 0.151 -0.131 0.0239
Escaralatina Suswa Model 2 -0.30 0.066 -0.128 0.0174 16.25**
Escaralatina Kajiado -0.30 0.066 -0.077 0.0171
Escaralatina Suswa Model 3 -0.50 0.073 -0.113 0.0118 1.274 ns
Escaralatina Kajiado -0.15 0.107 -0.113 0.0118
Escaralatina Suswa Model 4 -0.33 0.007 -0.092 0.0098 10.82**

Escaralatina Kajiado -0.33 0007 -0.092 0.0098

Model I = maximal model (best-fit regressions); Model 2 = constraining to common Ki;

Model 3 = constraining to common slope and Model 4 = constraining to a single line as in

text. Significant increase in deviance compared with model 1 ** P<O.Ol;*** P<O.OOl, ns-

not significant
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Table 9. Parameters from probit analysis [or seed-lots of E. candelabrum and E.

heterophylla.

Species se SlopePopulation Model
fitted

Ki se Ki Slope

E candelabrum
E candelabrum
E candelabrum
E candelabrum

Mwingi Y1
Mwingi Y2
Malili
Maji mota

Model 1 4.79

-0.09
1.22
6.61

0.831
0.686
0.171
0.683

-0.072
-0.052
-0.052
-0.121

0.0153
0.0147
0.0150
0.0136

E candelabrum
E candelabrum
E candelabrum
E candelabrum

Mwingi Y1
Mwingi Y2
Malili
Maji mota

Model 2 0.42
0.42
0.42
0.42

0.060
0.060
0060
0.060

-0.080
-0.015
-0.031
-0.009

0.0061 58.656***
0.0016
0.0024
0.0016

E candelabrum
E candelabrum
E.candelabrum
E candelabrum

Mwingi Y1
Mwingi Y2
Malili
Maji mota

Model 3 0.02
4.49

1.70
3.89

0.195
0.138
0.149
0.206

-0.068
-0.068
-0.068
-0.068

0.0034 5.477*
0.0034
0.0034
0.0034

E candelabrum
E candelabrum
E.candelabrum
E candelabrum

Mwingi Y1
Mwingi Y2
Malili
Maji moto

Model 4 -0.01
-0.01
-001
-0.01

0.048
0.048
0.048
0.048

-0012
-0.012
-0.012
-0012

0.0481 50.13**
0.0481
0.0481
0.0481

E heterophy/la
E betetootivt!«
E.heteroph yiia
E.heteroph y/la
E heteroph y/la
Eheterophy/la
E heteroph y/la
E heteroph y/la

E.heterophylla
E.heteroph ylla
E helerophylla
E. helerophylla

E.heteroph y/la
E heteroph ylla
E.heteroph y/la
E heterophylla

Kivani Year 1
Kivani Year 2
Maseno
Kivani 3

Model 1 2.53
2.19
2.27
2.21

0160
0.208
0.257
0.205
0.074
0.074
0.074
0.074

3.38
1.96
2.69
1.43

0.126
0.109
0.107
0.116

-0.059
-0.093
-0.066
-0.148
-0.054
-0.097
-0.060
-0.153
-0.080
-0080
-0.080
-0.080

-0.052
-0.052
-0.052
-0.052

0.0036
0.0073
0.0063
0.0099
0.0020 0.648 ns
0.0039
0.0026
0.0063
0.0027 23.046***
0.0027
0.0027
0.0027
0.0018 47.462***

0.0018
0.0018
0.0018

Kivani Year 1
Kivani Year 2
Maseno
Kivani 3

Model 2 2.29
2.29
2.29
2.29

1.67
1.67
1.67
1.67

0.055
0055
0055
0.055

Model 1 = maximal model (best-fit regressions); Model 2 = constraining to common K;

Model 3 = constraining to common slope and Model 4 = constraining to a single line as

described in text. Significant increase in deviance compared with model 1 *P<O.05;

**P<O.O 1; *** P<O.OO1, ns - not significant.

Kivani Year 1
Kivani Year 2
Maseno
Kivani'3

Model 3

Kivani Year 1
Kivani Year 2
Maseno
Kivani 3

Model 4
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Table 10. Parameters from probit analysis for seed-lots of Edithcolia grandis and K.

mitejea.

Species Population Model Ki seKi Slope se Slope
fitted

E.grandis Mwingi Model 1 3,59 0619 -0.157 0.0137
E.grandis Ndooa Year 1 109 1.397 -0.039 0.0029
Fgrandis Ndooa Year 2 1.80 1,686 -0.038 0.0021
E.grandis Ngomeni 2.22 1.333 -0,051 0.0037
Fgrandis Nuu Year 1 2,33 0.664 -0.128 0.0091
Fgrandis Nuu Year 2 2.54 0.454 -0.152 0.0096 ns
Fgrandis Mwingi Model 2 2,00 0.050 -0.088 0.0042 3.16*
Fgrandis Ndooa Year 1 2,00 0050 -0.062 0.0041
Fgrandis Ndooa Year 2 2.00 0.050 -0.041 0.0040
Fgrandis Ngomeni 2.00 0050 -0.033 0.0040
Fgrandis Nuu Year 1 2,00 0,050 -0,044 0.0399
Fgrandis Nuu Year 2 2.00 0050 -0.075 0,0052
Fgrandis Mwingi Model 3 1,38 0.073 -0.045 0.0013 5.63***
E.grandis Ndooa Year 1 1.26 0.090 -0.045 0,0013
Fgrandis Ndooa Year 2 206 0,095 -0.045 0.0013
Fgrandis Ngomeni 2.67 0.010 -0.045 0,0013
E.grandis Nuu Year 1 2,10 0.096 -0.045 0.0013
Fgrandis Nuu Year 2 1.21 0.093 -0,045 0.0013
Fgrandis Mwingi Model 4 1,56 0040 -0.036 0.0010 7.24***
Fgrandis Ndooa Year 1 1.56 0040 -0.036 0.0010
Fgrandis Ndooa Year 2 1.56 0,040 -0.036 0,0010
Fgrandis Ngomeni 156 0.040 -0.036 0.0010
Fgrandis Nuu Year 1 1,56 0.040 -0.036 0.0010
Fgrandis Nuu Year.Z 1.56 0.040 -0.036 0.0010
K. mitejea Ngomeni Model 1 3.46 0.216 -0,152 0.0096
K mitejea Thua 5.66 0.554 -0.169 0,0178
K mitejea Yarnbyji 2.73 0.210 -0.212 0.0158
K, mitejee Ngomeni Model 2 3,33 0.133 -0.147 0.0064 16.224***
K mitejea Thua 3,33 0.133 -0.191 0.0042
K. mitejea Yambyu 3,33 0.133 -0.255 0.0076
K. mitejea Ngomeni Model 3 4.00 0166 -0.178 0.0069 5.90*
K mitejea Thua 5.94 0,147 -0.178 0.0069
K. mitejee Yambyu 1.85 0.118 -0,178 0.0069
K mitejea Ngomeni Model 4 1.96 0.075 -0,089 0,0035 113.992***
K. mitejea Thua 1,96 0.075 -0.089 0.0035
K, mitejea Yambyu 1,96 0.075 -0.089 0.0035

Model 1 = maximal model (best-fit regressions); Model 2 = constraining to common 1<.;;

Model 3 = constraining to common slope and Model 4 = constraining to a single line as in

text. Significant mcrease 111 deviance compared with model 1.;cP<O.05;

**P<O.O 1;***P<O,OO 1, ns - not significant.
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grandis populations ranging from 6.4 d to 27.0 d. Species from the genus Kalanchoe

showed three fold longevity differences spanning from 4.7 to 15.0 d (Table 4).

4.2.1 Longevity fOI' genera in relation to life-form strategy

Species from the genus Euphorbia were grouped into their wild habit life-forms: herbs,

shrubs or trees. Further in Euphorbia, shrubs were segregated into those which survive

through thick underground fleshy roots or rhizomatous tissues during drought (shrub 1) and

those that grow to ca. 3 m tall (shrub 2). The other two genera were represented by species

recorded as herbs in the wild. For each group, 0 was transformed to logarithm scale (10glO)

and plotted against life-form (Fig 17 A)

A box graph derived showed no significant longevity differences between the different

Euphorbia life-forms and the other two genera, Kalanchoe and Edithcolia (Fig. 17 B).

Analysis of variance for three life-forms: herbs 1, shrubs 2 or trees from the genus

Euphorbia showed non-significant differences between them (one-way ANOV A, P>0.05).

4.3 Moisture effects on seed longevity for six Euphorbia species

4.3.1 eRH and moisture content

Seed-lots of six Euphorbia species were stored at a range of relative humidities between

25% and 75% at 45°C using six non-saturated lithium chloride solutions. These moisture

contents were chosen as they were expected to give sequential levels of water in the seeds

resulting in predictable rate of seed deterioration during storage. Assesment of moisture

content during storage revealed similar moisture contents between species at each relative

humidity of storage with a ca. 5% difference in mc between the lowest and the highest rhs

(Table II). For example, in E. pseudoburuana the mean eMC during storage ranged from

4.3 % ± s.e. 0.14 at 25% rh up to 9.4% ± s.e. 0.08 at 75% rh whilst in E. bussei, the range

was 4.7% ± s.e. 0.47 to 10.7 % ± s.e. 0.18 over the same relative humidities, Similar eMC

range was observed for the other Euphorbia species where the range was between 4.5 % ±

s.e. 0.34 to 8.6 % ± s.e. 0.22,4.6 % ± s.e. 0.16 to 9.8 % ± s.e. 0.53 and 4.3 % ± s.e. 0.28 to

9.7 % ± s.e. 0.20 for E. heterochroma, E. quinquecostata and E. heterophylla respectively

(Table 11). Equilibrium relative humidity was maintained at the same level by regular

'checking of the LiCI solution thus confirming identical seed water activity during ageing in

these species and validating comparison of data across species.
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4.3.2 Seed sur-vival curves

The probit model, which assumes individual seed life spans are normally distributed in a

population, adequately described the seed survival curves. Complete seed survival curves

followed a typical sigmoid pattern for the six moisture contents investigated for each

species (Figs. 18 - 23). Nevertheless, species showed variation in the time taken for seeds to

lose complete viability. As expected, survival curves were steeper the higher the moisture

indicating a faster rate of seed death with time. For example, seeds of E. quinquecostata

lost viability within 2 d at 75% rh or ca. 400 d at 25% rh (Fig. 23). For the same relative

humidities, E. heterophylla seeds had not completely lost viability until 16 d or 600 d,

respectively (Fig. \9).

K. (NED) derived from the best fit regressions were relatively high for two species: E.

heterophylla and E heterochroma compared with E. bussei, E. hirta, E. pseudoburuana

and E. quinquecostata (Table 11) For the former species, K, was between 3.3 and 2.2 NED

at 25 % and 75 % rh for E. heterophylla and between 1.2 and 1.4 NED at 25 % and 75 % rh

respectively for E. heterochroma (Table I j ).

Par the other [our species, estimates for K, were 0.17- 0.39; 0.94-0.82; 0.50-0.03 and 0.79-

0.43 NED [or 25 and 75 % rh in E. pseudoburuana, E. hirta, Eiquinquecostata, and E.

bussei respectively (Table II).

Longevity [or each species, assessed by (J increased during storage with decrease in storage

moisture content. For example, the estimate [or (J for E. heterochroma was 77.6 d at the

lower rh of 25% (4.5% me) compared with 1.2 d for seeds stored at the highest rh 0[75 %

(~.6% me),

Similarly estimates for (J ranged between 0.5 d at 75% rh and 211 d at 25% rh for E.

quinquecostata whilst [or E. pseudoburuana, (J varied between 0.5 and 312 d for the same

moisture contents repectively. For E. heterophylla, (J was 106.8 d [or seeds stored at 25% rh

(4.3 % rnc) and 2.8 d [or seeds stored at 75% rh (9.7 % me). In contrast for the same rh

ranges, (J was comparatively higher in E. hirta ranging from 5.4 and 223.7 d for seeds

stored at 75% rh and 25'% rh respectively (Table 11).
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Table 11. Results of probit analysis (best fit regressions) and moisture content of six

Euphorbia species. Seeds were stored at 45°C and the rh indicated.

Species rh Moisture se KI se slope se (J

(%) content (NED) (d-l) (days)
(% f.wt)

F heterochroma 25 4.5 0.34 1.20 0.119 -0.013 0.0010 77.6

35 5.2 0.73 1.l3 0.106 -0.021 0.0014 48.7
45 6.0 0.15 1.41 0.117 . -0.042 0.0027 24.0

55 6.5 0.17 1.58 0.155 -0.138 0.0111 7.3

65 6.7 0.71 Ll4 0.132 -0.211 0.0176 4.7

75 8.6 0.22 1.40 0.162 -0.937 0.0761 1.2
V pseudoburuana 25 4.3 0.14 0.17 0.117 -0.003 0.0004 312.5

35 5.3 0.33 0.98 0.123 -0.009 0.0009 111.6

45 6.1 0.49 1.0 I 0.133 -0.027 0.0024 37.6

55 7.2 0.41 0.29 0.117 -0.045 0.0048 22.4

65 8.1 0.24 0.55 0.133 -0.231 0.0262 4.3

75 9.4 (l.08 0.39 0.129 -2.000 0.0964 0.5

E. hirta 25 na 113 094 0.5 J3 -0.004 0.0016 223.7

35 na na -0.35 0.109 -0.004 0.0005 262.6

45 na na -0.71 0.134 -0.018 0.0036 55.2

55 na na -0.61 0.130 -0.031 0.0060 32.1

65 na na -0.70 0.136 -0. III 0.0236 9.0

75 na na -0.82 0.139 -0.186 0.0414 5.4

E quinquecostata 25 '4.6 0.16 0.50 0.098 -0.005 0.0005 211.0

35 5.4 0.21 0.26 0.091 -0.008 0.0008 93.5

45 6.1 015 0.63 0.108 -0.030 0.0026 33.5

55 6.9 0.12 0.32 0.151 -0.055 0.0053 18.3

65 8.1 <>.23 0.34 0.127 -0.304 0.0368 3.0

75 9.8 0.53 0.03 0.125 -2.000 0.0129 0.5

E heterophylla 25 4.3 0.28 3.32 0.255 -0.009 0.0006 106.8

35 5.6 (U)4 3.33 0.266 -0.017 0:0013 50.0

45 G.O 0.05 2.91 0.223 -0.028 0.0020 35.8

55 7.6 0.59 1.81 0.164 -0.052 0.0041 19.4

65 7.8 0.34 1.77 0.160 -0.107 0.0082 9.3

75 9.7 0.20 2.19 0.222 0.358 0.0324 2.8

E bussei 25 4.7 0.47 0.79 0.126 -0.008 0.0007 125.0

35 5.2 0.08 0.65 0.121 -0.015 0.0014 65.7

45 6.8 0.08 -0.19 0.108 -0.016 0.0020 63.5

55 8.0 0.32 -0.66 0.124 -0.026 0.0058 38.0

65 9.3 0.33 -0.61 0.122 -0.089 0.0145 11.3

75 10.7 0.18 -0.43 0.130 -0.360 0.0616 2.8

na - Not available, seeds too small for accurate moisture content determination.
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Based on data from the best fit survival curves (not constrained to a common estimate of

Kj) regression analysis of log to (J against 10glOmoisture content was carried out to derive

the species constants K (y-intercept of the relation) and Cw (the slope of the relation). TIle

regressions were significant for all species (r1 = 0.83, P<O.05; Table l~; Fig. 24).

Two species, E. bussei and E. heterophylla recorded low values for the constant K (4.85 ±

s.e 0.77 and 4.91 ± s.e 0.45) and Cw (3.959 ± s.e 0.890 and 4.364 ± s.e 0.55) compared

with the other species (Table 12). Particularly high values for these constants, K and Cw,

were evident for E. quinquecostata where values of7.846 ± s.e. 0.46 and 8.094 ± s.e 0.55

were recorded, respectively.

The estimates for the constant KF was derived [eqn(6)] by fitting the universal temperature

constants using equation 6 (Dickie et al., 1990; Medeiros et al., \998), derived constant K

and temperature values at which seeds were stored. The derived constant KE varied from a

lowest value of7.3 in E. bussei to a high value of 10.2 in E. quinquecostata (Table 12).

Likewise, regression analysis was carried out for 10glO(J against storage rh thus deriving the

constants Krh and Crh leqn(7)J These rh derived regressions were significant for all species

([2 = 0.89, P<O.OOI; Table-l Z; Fig. 25). The species constants Krh and Crh were on absolute

values different between species. Crh varied between a high value of 0.053 for E.

pseudoburuana and a lowest value of 0030 for E. heterophylla (Table 12) while Krh varied

from a low value of 2.812 Ior E. heteropllya to a highest value of 3.934 for E.

pseudoburuana, while Crh for the same species was 0.030 and 0.053 respectively (Table

12). To ascertain whether the differences in Cw and or Crh were significant between

species, simple linear regression with groups (= species) was carried out of log 10 (J against

IoglO me or 10glO (J against rho The results of this regression showed the results were

significant (P<O.OI).

KE was calculated [eqn(6)] by fitting the derived constant Krh, universal constants for

temperature and storage temperature (Dickie et al., 1990). The value of the constant KE

derived from the rh relationship also varied within a narrow margin between species. For all

six species, the range' was between 5,26 and 6.38 recorded for E. heterophylla and E.

pseudoburuana respectively (Table 12).
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Table 12. Estimates of species constants K and Cw from the logarthmic relationship

between 0 and moisture content. Crh and Krh were derived from the serni-logarthmic

relationship between 0 and relative humidity. Estimates of 0 are derived from the products

of pro bit analysis (best fit regressions; Table 11) at six moisture contents. KE was

calculated using the universal temperature constants in equation (6).

Species Me or rh K or Krh se Cwor Crh se R2 KE
E. bussei me 4845 0768 3.959 0.8896 0.832""* 7.3

rh 3006 0.284 0.031 0.0054 0.891""* 5.46
E. heterochroma me 6.514 0.585 6.887 0.7389 0.956""* 8.86

rh 2.898 0.150 0.036 0.0028 0.976*** 5.35
E. heterophylla me 4.909 0.453 4.364 0.5473 0.941*- 7.38

rh 2.812 0.144 0.030 0.0027 0.967*** 5.26
E hirta rh 3.435 0.218 0.036 0.0041 0.950*** 5.88
E pseudoburuana me 7.654 0.854 7.809 1.0398 0.934*** .10.1

rh 3934 0.291 0.053 0.0055 0.958""* 6.38
Equinquecostata me 7.846 0.458 8.094 0.5539 0.982*** 10.2

rh 3.763 0.269 0.051 0.0051 0.962*** 6.21

***significant effects P<O.OOI.

4,4 Factors affecting water water sorption

4.5 IGAsoI'p absorption isotherms

The adsorption isotherms" for the eight Euphorbia species determined usmg IGAsorp

revealed reverse sigmoid curves (Figs. 26 - 27). D' Arcy-Watt analysis [eqn(lO)] of

isotherms showed variation in the number of strong, weak and multi-molecular water

sorption sites across species. With the exception of E. quinquecostata, across species, the

number of weak. water sorption sites relative to either strong or multi-molecular sorption

sites was generally low (Table 13).

The number of weak water sorption sites ranged from 0.8 x 1020 in E. robecchii to 29.59 x

1020 in E. quinquecostata. However, the E. quinquecostata data seems extreme as there are

more sorption sites compared to the other species (but note high s.e. for estimate of c; Table

13). At least within region II (see Fig. 1), this suggests that at 45°C, E. quinquecostata

adsorbed more water (i.e. raised isotherm; Fig. 27 A) while E. robecchii adsorbed the least

amount of water (i.e. isotherm depressed Fig. 27 B).
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Table 13. The numbers of water binding sites in seeds of eight Euphorbia species. Numbers of sorption sites are calculated from derived D' Arey-Watt

equations.

Species

Number of
Number of Number of multi-

strong water weak water molecular
K' K c k' k binding sites binding sites water

binding site
0.0159 ± 0.00200 24.3 ± 7.23 0.0606:±; 0.00550 0.020 ± 0.00130 0.987 ± 0.00517 5.32 x102U 2.12x102O 6.69 x 1020

0.0150 ± 0.00252 15.3 ± 5.05 0.0464 ± 0.00533 0.0194 ± 0.00123 0.932 ± 0.00483 5.02 x 1020 1.63 x 1020 6.49xIe1

0.0232 ± 0.00255 19.1 ±4.56 0.0523 ± 0.00603 0.0210 ± 0.00154 0.926 ± 0.00585 7.76 x 1020 1.84 X 1020 7.03 X 102
<1

E. candelabrum
E. heterochroma
E. heterophylla -
Kivani
F.pseudoburana 0.0232 ± 0.00434 13.7 ± 4.84 0.0380 ± 0.00836 0.0196 ± 0.00168
E.quinquecostata 0.0412 ± 0.03870 5.9 ± 6.97 0.0084 ± 0.05110 O.0351:t 0.00841
E. robecchii 0.0233 ± 0.00597 12.9 ± 5.24 0.0226 ± 0.01640 0.0267 ± 0.00632
E tenuspinosa 0.0159 ± 0.00208 33.6 ± 12.40 0.0602 ± 0.00560 0.0124 ± 0.00117
E .turicali 0.0 102 ± 0.00270 24.6 ± 17.20 0.0603 ± 0.00540 0.007:t 0.000733

0.942 ± 0.00611
0.929 ± 0.0176

0.894 ± 0.02600
0.990 ± 0.0063
0.987 ± 0.0054

7.76 X 1020

13.79 X 1020

7.80 x 1020

5.32 x 1020

3.41 X 1020

1.34 X 1020

29.59 X 1020

0.80 x 1020

2.12 x i020
2.12xI020

6.56 x lOcO
11. 73 x 1.020

8.93 x 1020

4.15 x 1020

2.34 x 1020

The numbers of strong, weak, and multi-molecular water binding sites are K N/lv!,
cN/(1vfpoJ, and k NIM, respectively, where N is Avogadro's number(6.023 x 1023), M is the molecular weight of water (18), and po is the vapour
pressure of saturated air at 45°C (9.5 kl'a).
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The number of strongly bound sorption water sites ranged from 3.41 x 1020inE. tirucalli to

13.79 x l020 in E. quinquecostata whereas multi-molecular water sorption sites varied

from 2.34 x 1020 in E. tirucalli to 11.73 x 1020 in E. quinquecostata.

Linear regression analsyses carried out of longevity (0) against water sorption sites (i.e.

strong, weak or strong) were not significant (P>0.05; Fig. 28). Since three constants KE, Cw

and Crh have practical implications in predicting longevity using the viability equations and

were derived for four species in this investigation, further linear regression analyses were

carried out for each constant against each of the three water sorption sites. However, these

results were not significant (P>O. OS, Figs. 29-3 L).

4.6 Oil content

The eight Euphorbia species investigated using a fat analyser had relatively high oil

content. Across species, mean oil content was 35 % s.e ± 2.6 (%, d.wt; Table 14). Lowest

oil content was recorded for E heterophylla (23.7 %), E. magnicapsula (27.1 %), and E.

pseudoburuna (29.0 %) whilst the highest oil content was found in E. robecchii (43.8 %).

With the exception of E. scarlatina, the most oily seeds with higher oil contents

equilibrated to lower eMC compared with species with lower oil content. For example, E.
"

magnicapsula with an oil content of 27.1 % recorded eMC of 5.0% in the MSB dry room

whilst the more oily seeds of E. heterochroma had eMC of 3.7% at the same conditions

(Table 14). For E. pseudoburuna, 1,,'.lietcrophylla. E. heterochroma and E. quinquecostata

viability constants were developed in this study. A linear regression carried out of Cw

against oil content was not significant (r2 = 0.44; P>O.OS; Fig. 32). Similarly, linear

regression analysis of seed longevity (log 10 0) against oil content was not significant

(P>O.OS, Fig. 33 A) implying that the amount of oil does not affect longevity in these

species.

The oil contents determined in this investigation were also used to assess whether Of not

Cromarty's equation [eqn(9); Cromarty et al., 1985], which can be manipulated to express

oil content as a function of seed moisture content, rh, and temperature, provides a reliable

estimate of seed oil c0l!tent. Accordingly, oil content was predicted using the me

determined for seeds dried in a standard seed bank dry-room (15° C-lS% rh) and

equilibrated under the comparative longevity conditions used in this study (4S0C-60% rh).
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A linear regression of oil content estimated from the dry-room mc against measured oil

content was significant (Fig. 33 B; ~ = 0.80, P <O.OS) however the regression of oil content

predicted from the comparative longevity me was not significant (Fig. 33 C; r = 0.17, P

>O.OS). For some species Cromarty's equation appear to under-estimates oil content under

dry room conditions compared with the amount of oil actually measured whilst at 4So C,

60% rh, oil content appear over-estimated.

Table 14. Oil content (%, d.wt.) for eight Euphorbia species determined using a Fat

Analyser and predicted using Cromarty's equation (Cromarty et al., 1985).

Species Mc(%, Oil content PI'edicted oil Predicted oil
f.wt.) ± s.e. (% d.wt.) Fat content (% content (%

analyser= d.wt.) from me d.wt.) from me
at 15% rh, 15° C at 60% and 45°C

E. heterochroma 3.7 ± 0:S682 41.2 42.3 39.1
E. heterophylla 5.2 ± 0.0540 23.7 17.7 na
E. magnicapsula S.O± 0.2397 27.1 21.0 27.9
E. pseudoburuana S.2± 0.0973 29.0 17.7 43.6
E. quinquecostata 3.9± 0.3637 41. 1 39.1 39.1
E. robecchii 4.2±0.1244 43.8 34.2 na
t: scarlatina 5.0 ± 0.3094 33.0 21.0 40.9
E. tenuispinosa 4.S ± 0.S997 38.2 29.3 46.9

~
4.7 Seed area, ratio of embyro, seed area and seed dry weight

Mean total seed area diff red between species with a five fold difference between the

smallest and the largest seed area (Table 15; Plates 2-7). A small mean seed area was

recorded for Euphorbia scarlatina and E. meridionalis (2.5 mrrr') while the largest seed

area of 12.2 mrrr' was recorded for E. magnicapsula.

Embryo size had an eight fold difference ranging between 0.7 mm' in E. cuneata and 5.5

rnm' in E. magnicapsula. The ratio of embryo to seed area was large and similar for most

species except in E. cuneata , E. tirucalli and E. heterophylla which recorded embryo to

seed area ratio of 0.2 mnr' (Table IS).

A linear regression analysis in Origin for 10g1O 0 against seed area was not significant

r (P>0.05, ~ = 0.02, P = 0.61; Fig. 34 A). However, a linear regression analysis in Origin for
ioglO 0 against the ratio of embryo to seed area was significant (P<O.05, r = {}.47; P= 0.01,

Fig.34 B).
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Table 15. Embryo size (rnm"), seed area (mm'') and seed dry weight (mg) for 12

Euphorbia species.

Species Embryo area Seed area ± Embryo : seed
± s.e. (mnr') s.e, (mm') area ratio ±

s.e (mm")
E candelabrum 2.0 ± 0.27 4.8 ± 0.43 O. 3 ± 0.04
Ecunneala 0.7± 0.11 3.7±0.36 0.2±0.02
E heterochroma 1.5 ± 0.10 3.0 ± 0.11 0.5 ± 0.01
Ehelerophylla O.7±0.09 4.3±0.13 0,2±O.02
E.magnicapsula 5.5±O.30 12.2±O.69 0.4±0.01
E meridionalis 1.2 ± 0.16 2.5 ± 0.24 0.5 ± 0.02
Ecpseudoburuana 1.7±0.14 3.7±0.13 0.4±0.02
E. quinquecostata 2.5 ± 0.23 5.3 ± 0.34 0.6 ± 0.02
E robecchii 3.6 ± 0.30 10.7 ± 0.54 0.3 ± 0.01
E scarlatina 1.2 ± 0.09 2.5 ± 0.08 0.5 ± 0.02
E. tenuispinosa 1.3 ± 0.08 2.9 ± 0.09 0.4 ± 0.02
E tirucalli 1.5 ± 0.09 7.2 ± 0.60 0.2 ± 0.02

Mean seed
dry weight
± s.e. (mg)

9.55 ± 0.744
4.85 ± 0.442
2.53 ± 0.063
6.29 ± 0,131
30.67 ± 1.696

na
3.58 ± 0.372
4.15 ± 0.223
21.13 ± 0.416
1.26 ± 0.046
2.37±0.108
15.91 ± 1.624

na seed dry weight could not be determined due to error in recording.

H.igh mean seed dry weights (mg) were observed [or E. tirucalli, E. magnicapsula and E.

robecchii with values of 15.9 mg s.e. ± 1.623,30.7 mg s.e. ± 1.696,21.1 mg s.e. ± 0.416

respectively (Table 15). Particularly low seed dry weight of 1.3 mg s.e. ± 0.046, 2.4 mg

s.e. ± 0.108, 2.5 rng s.e. '± 0.OG3 were observed for the species; E. scarlatina, E.

tenuispinosa and E. heterochroma.

A linear regression analysis carried out of longevity against mean seed dry weight was not

significant (Fig. 34 C; P>0.05, R2 = 0.(2).

4.8 Climate

Mean temperature for six months post-seed dispersal and mean annual rainfall was used in

data analysis as this is known to affect longevity in a broad range of species studied at the

MSB (Probert, 2007, Pers. Comm.). Linear regression of rainfall against temperature was

non-significant (P>0.05, r = 0.09; P = 0.07 Fig. 35) and therefore these two climatic

variables were analysed independently against longevity. For both parameters (temperature

and rainfall), their effects on longevity was non-significant (P>0.05; r2 = 0.09, P = 0.12; r=
.0.02, P = 0.40 respectively, Figs. 36 - 37).
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Plate 2. Longitudinal sections used for embryo and seed area measurements for A, B
Euphorbia candelabrum and C, D Euphorbia cuneata.
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Plate 3. Longitudinal sections used for embryo and seed area measurements for A, B
Euphorbia heterochroma and C, D Euphorbia heterophylla.
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Plate 4. Longitudinal sections used for embryo and seed area measurements for A, B
Euphorbia magnicapsula and C, D Euphorbia meridionalis.
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Plate 5. Longitudinal sections used for embryo and seed area measurements for A, B
Euphorbia pseudoburuana and C, D Euphorbia quinquecostata.
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Plate 6. Longitudinal sections used for embryo and seed area measurements for A, B
Euphorbia robecchii and C, D Euphorbia scarlatina.
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Plate 7. Longitudinal sections used for embryo and seed area measurements for A,. B
Euphorbia tirucalli and C, D Euphorbia tenuispinosa.
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six months post seed dispersal for sites where seeds were collected.
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CHAPTER 5 DISCUSSION

5.1 Comparative longevity at species level

These investigations provide evidence that the 24 species (18 Euphorbia, 1 Edithcolia and

5 Kalanchoey show typical orthodox seed storage behaviour (Figs 5 - 12). When stored,

orthodox seeds display a negative sigmoidal survival curve defined by a specific intercept

on the y-axis referred to as the seed-lot constant K, (Equation, 1; Ellis and Roberts,

J980a,b). Essentially, K, is the initial viability of seeds (in NED before storage) and is

constant for a seed-lot irrespective of storage environment. The model also predicts that at a

given set of storage conditions, (J the standard deviation of the frequency distribution of

seed deaths in time is constant [or a species irrespective of the seed source (Ellis and

Roberts, \980 a,b). Both of these parameters are used as measures of seed longevity in this

study.

As expected the seed-lots of difTerent species used [or this work showed different initial

viability, K. These differences in seed viability were arising due to differences in seed

maturity at the time of seed collection. Initial viablity varied from -1.0 NED in Euphorbia

robecchii to 5.66 NED for K. mitejea Crable 4). During storage, seed longevity differed

between species [rom the different genera. E. cuneata took 35 d to lose 1 NED corripared

with 6 d for E. robecchii. For species from the genus Kalanchoe, the most long-lived

species took 14 d and the shortest lived 4.7 d to lose one NED. This shows that, at least for

the species investigated in the present study, inter-species variation in longevity is greater

in Euphorbia compared with Kalanchoe while longevity within Edithcolia grandis spanned

the entire range reported for Euphorbia and Kalanchoe. This was further indicated by the

longevities for the difTerent genera. The maximum longevity was 35.7 (Euphorbia

cuneatai, 27.0 iEdithcolia grandis) and 14.9 d (Kalanchoe mitejea), while minimum

longevity for the same genera were 6.0, 6.4 and 4.7 d respectively. This equates to ca. six-

fold and three-fold longevity differences between species from Euphorbia and Kalanchoe

respectively. These results confirm a narrow range of within genus variation in Kalanchoe
(4.7 -14.9 d) compared with Euphorbia which had a six-fold (6.0-35.7 d) intra-genus

variation in seed longevity. i""

Since seed life-spans have binomial behaviour, it is expected that some individuals in the

population are either shorter-lived or longer-lived whilst the majority of individuals have

similar lifespan (around the mean, Fig. 2). These results confirm this behaviour and thus the
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need to recognise that 30m;; seed investigated were either of snort lifespan or long lifespan

(i.e. high or low Kj). Therefore, if seed-lots used in this study were to start storage at the

same initial viability, long-lived species would include E. cuneata and E. candelabrum

(Figs. 5 B; 5 D; Table 4) compared with the other species investigated. This shows the need

for collectors to ensure seed-lots entering storage are of high initial quality (high K),

This work: shows the need to compare species with similar storage characteristics at the

onset. For example, seeds of E. gossypina, E. pseudoburuana and E. quinquecostata

(Ngomeni) entered storage with similar initial viability (Figs. G A;7 C-D). Following

storage at 45"C and 60% rh, all seed-lots lost complete viability after ca. 40 d and took ca.

10-I 2 d to lose 1 NED. This suggests that seeds were most likely at the same stage of

maturity at harvest. Ideal ly, seeds should be compared for longevity when harvested at the

point of seed dispersal (Hay et al., 1997; Hay 1997; Hay and Smith, 2003; Hay et al.,

20(3). However, this is not feasible in wild plants which may seed and mature in different

times depending on the rainfall season and plant life-form.

A survival curve could not be derived for Kalanchoe bipattita as seeds were dormant (Fig.

I I D). Instead of seeds readily germinating on storage as expected, they did not germinate

until after ca. 20 days of storage at 45"C and 60% rh indicating the need for dry storage

after ripening to allow germination. This shows the need for preliminary viability tests

before seed-lots are tested for longevity

Seeds of the species in this study are however short-lived: the mean Pso for the Euphorbia

species was I G.7 ± 3.51 d ancl for the Kalanchoe 26.9 ± 3.7 (, d. Current work on wild plant

seeds at the Millennium Seed Bank Project indicates a mean PSG under the ageing

conditions of 45°C and 60% rh of over 75 d with storage period ranging from 0.1 to 771 d

(Hay et al., 2007).

5.2 Longevity for different years of collection and / or populations

In contrast to seed-lots of Euphorbia heterophylla (Table 5), seed-lots of Eicandelabrum,

E. hirta and Edithcolia grandis from different years could be constrained to a common

estimate of 0 (model 3) without a significant increase in the residual deviance (Tables 5- 6;

model 3; P>0.05).
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Across species, a combined analysis [or seed-lots for all populations and years for E.

magnicapsula, E. scarlatina, E. quinquecostata, E. candelabrum, E. hirta, Edithcolia

grandis and Kalalchoe mitejea could not be independently constrained to a common slope

(same value for 0) without a significant increase in the residual deviance (P>O.Ol; Tables 9;

10- model 3).

Since the Robert and Ellis (l980a,b) viability equations have the supposition that different

seed-lots within a species should have the same value for 0, model 3 should be the most

preferred one as this estimates a common value for 0 .

for all species, seed-lots could not be constrained to a common line without a significant

increase in the residual deviance (Tables 5 to 10). This is indicative of extensive differences

in the initial quality of the seed-lots [rom different species. Nevertheless, wild plants are

poorly understood and in view of the fact that they are typified by extensive developmental

variation, they would most likely deviate from the expectations of the viability equations

which derived using domesticated food crops (Hay, 1997).

in terms of longevity assessed by 0, differences were evident between species seed-lots

collected over different years. For example, E. heterophylla seed-lots showed two-fold

longevity differences in seed longevity with 0 values of 6.8 d and 17.0 d for Kivani year 3

and year I whilst for Kalanchoe mitejea; a two-fold difference in seed longevity was clear

[or NUll seed-lots year 1 (19.6) <U1dyear 2 (7.3 d) compared with seed-lots for a different

population of the same species (Table 4). Two fold differences were also evident for seed-

lots of different populations of E. candelabrum (13.9 d Mwingi, year 1) and E.

candelabrum Malili population (30.3 d; Table 4). Similarly, E. quinquecostata populations

(6.3 and 12.8 d; Table 4) showed two-fold longevity differences between the two
populations. Differences within populations were further demonstrated in Edithcolia

grandis where four-fold longevity differences within the one single species.

These findings pose a challenge for seed conservationists as it is evident seed-lots of a

~ingle species will not only vary between populations but also from year to year. These

variations arise because seeds may be borne sequentially on a long inflorescence (different

maturity on one mother plant) and their development is also affected by the prevailing

weather conditions. Assuming optimal seed handling at and post - harvest, the only factors

affecting this could include climate, habitat type or the genotype of the plant.
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Due to many years of domestication and improvement for various traits, crop species tend

to be uniform in their heritable traits. In some of the species used in this study, for example

Euphorbia scarlatina, seeds are borne sequentially on a long inflorescence and would

inevitably display developmental variation even on single stems. At anyone harvest time,

di fTerences in seed maturity would be represented in the collection and this would affect

seed-lot storage potential. Contrary to the viability equations, Hay and Probert (1995) could

not constrain seed-lots of the temperate Digitalis purpurea collected at 48 and 52 d 10 a

common estimate of o while five seed-lots of Ranunculus acris could not be constrained to

common value for o (Bird, 200G). Similarly results in this study agree with findings of

these researchers and therefore studies are required to understand the possible source of the

within species variation in seed longevity.

It is known that succulent plants are ecologically adapted to arid and semi arid lands

through storage of water on fleshy stems, leaves, seeds and / or underground roots to

enhance their survival in-situ. The taxonomy in the family Euphorbiaceae takes into

account increased succulence of stem and reduction in size within the main habitats:

grassland and dry open deciduous bush land (Carter and Smith, 1988; Carter, 1994). This

therefore warranted analysis of longevity data in this study in the context of life-form

survival strategy. Longevity ~data was therefore examined against species life-form for

species from the genus Euphorbia and also compared with herbaceous species from the

other genera (Fig.17). Results indicate that life-form is not a significant source of the

variation in seed longevity for the Euphorbia species in this study. Thus in-situ life-form

strategy does not confer advantage to seed survival ex-situ (Fig. 17; P>0.(5). Walters et al.

(2005) reported that ex-situ seed longevity is not directly correlated to in-situ seed survival

or resource allocation while more recent studies on sixteen temperate species (Bird, 2006)

support this supposition.

Walters et al. (2005) suggested that the origin of seeds could be a contributory factor to ex-

situ survival and that seeds from the arid and semi arid lands are more amenable to

banking. Therefore investigations reported here for 24 dry land succulent species offer

n~ore insights to this understanding. Further, this extensive genus approach on seed

longevity would inform more on whether changes in resource allocation due to decrease in

nutrient sinks could influence seed longevity.
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While these results show that all the 24 species are bankable, they are nevertheless short-

lived ex-situ. Therefore, without any understanding on their longevity, there is a risk of

losing valuable genotypes from individual populations due to seed death in shorter lived

species. This is counter productive to seed banking efforts and would pose risk due to great

genetic drift. Furthermore, species investigated in this study show differences in their initial

quality and therefore their expected time life in storage cannot be predicted accurately when

seed-lots are of different storage potential.

Although these seed-lots were comparatively short-lived and therefore re-testing schedules

may have to be more frequent compared with seeds from other Kenyan genera, the

predictions of seed longevity for the Euphorbia species for which species constants were

determined do indicate substantial longevity under seed bank conditions (Table 16). Having

seed-lots of high initial quality bunked can optimise this longevity. Evidently, poorly dried

seeds (under ambient conditions) cannot be valuable for ex-situ conservation. Finally, these

results attribute differences in longevity to the initial seed viability (Ki) of the individual

seed-lots and the frequency distribution of seeds deaths in time (Hay et al., 2006).

5.3 Moisture effects on longevity

Fitted survival curves for seeds stored at a range of rh (at 45"C) were adequately described~
by the viability equations (Ellis and Roberts, 1980a, b), displaying typical sigmoidal curves

(Figs 18 - 23). As indicated earlier, K, was relatively low in two species, E. bussei and E.

hirta. compared to the other four Euphorbia species. Despite these differences in the initial

quality of seed-lots, all regressions conformed to expectations of the viability model and are

accordingly compared.

Linear regressions for the relationship between [oglO (J against 10glO me were fitted

according to equation 4 (Fig 24) to derive the constants Cw and K respectively from the

slope and intercept of the relationship. The coefficient of determination, r2 derived for all

species significantly accounted for the observed relationship, The r2 ranged from 0.83 for E.

bussei and 0.98 [or E. quinquecostata. Furthermore, simple linear regression analysis of

10glOo against log me with the species as a grouping factor (i.e. a combined analysis of the

data from all the species) showed significant (P<O.O 1) differences in the effect of moisture

content on seed longevity.
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Derived values for Cw (Table 12) for the me derived regressions for E. pseudoburuna

(7.8\), E. heterochroma (6.89), E. quinquecostata (8.09) were relatively high compared

with that of E. bussei (3.96) and E. heterophylla (4.36). These results do not indicate

apparent relationship of Cw to species life-form. E. pseudoburuna and E. heterochroma are

shrubs while E. quinquecostata is a tree and all had similar values for Cw. On the other

hand, E. heterophylla an erect herb showed a similar Cw to that of E. bussei, a tree.

Whilst the estimates of Cw for E. bussei (3. %) and E. heterophylla were fairly similar to

estimates determined for other species, the estimates for E. pseudoburuna, E.

heterochroma, and E. quinquecostata, were higher than estimates published for many other

species. For example species for which estimates of Cw have been derived include

Terminalia brasii Exell. (2. i5; Tompsett and Kemp, 1996); Lupinus polyphyllus Lindley

(2.83; Dickie and Boyer, 1985); Anacardium occidentale L. (2.88; Mwasha et al., 1996);

Malus domestica Borkh. cv. Greensleeves (2.959 Dickie and Boyer, 1985); Discorea

dumentorum (3.06; Daniel et al., 2003); Ranunculus sclera/us (3.2S; Bird, 2006); Arachis

hypogaea (3.43; Usberti and Gomes, 1998); Astronium urundeuva (Fr. All.) Engl. (3.76;

Medeiros et al., 1998); Sesamum indicum L. (4.02; Ellis et al.. 1986); Helianthus anuus L.

(4.16; Ellis et al.. 1988); Dalbergia nigra and Dimorphandra mollis (4.52; 3.84; Chaves

and Usberti, 2(04); Arabidopsis thaliana (S.IS; Hay et aI., 2003); Medicago sativa (6.04-

7.07; Ellis and Hong, 2006); Digitalis purpurea L. \7.58 (mean of three stages); Hay,

19971, lea mays (S.90). Sorghum bicolour (S.38), Saccharum sp (4.97), Setaria italica

(483). pennisetum typhoides (5.54) .. Beta vulgaris (4.97), Oryza glaberrima (4.73),

Triticum aestivum. (4.R4), Eleusine coracana (4.35). Paspalum scrobiculatum (4.44),

Oryza saliva (4.25) and Solanum tuberosum (5.15) (Ellis and Hong, 2007b). Hay (1987)

used the mean of three stages to estimate the constant Cw since she had investigated the

change in the parameter with seed development. This is justified, since extensive seed

variation exists even on seeds borne on single inflorescences in wild plants.

A semi-logarthmic relation was also fitted between 10glO 0 and storage .h following Robert

and Ellis (1989; Fig. 2S). While the slopes of the regressions between me and longevity

were in absolute terms different for the six Euphorbia species, these differences were not

evident in the rh derived relations. The slope of the semi-logarthmic relationship showing

the sensitivity of seed longevity to equilibrium relative humidity had similar value for the

six Euphorbia species ranging from 0.03 in E. bussei to 0.05 in E. quinquecostata.

Similarly for the six species, the absolute values for the constants KE and Krh were not
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difTerent for the same species when compared for equilibrium relative humidity derived

relations. This confirms that the seed-lots displayed similar levels of water activity though

the species had difTerent eMC. To ascertain real species differences with regard to rh, a

simple combined linear regression was carried out of 10glO (J against rh with species as the

grouping [actor. These relationshi ps were significant (P<O.O 1). This confirms that species

investigated here are different with repect to to the effect of rh on longevity although of a

similar magnitude to that seen in a number of crops (Ellis et al., 1986; Ellis et al., 1988;

Ellis et al., 1989; Ellis and Hong, 2006). In particular, seed-lots of Barley and Lettuce

constrained to a common value of0037C) (Roberts and Ellis, 1989).

Dependent on species and rh of seed storage, linear regressions have in some cases shown

an upper and a lower limit. The lower limit fall within the isotherm region when water is

predominantly held within the strong binding sites (region 1; Fig. 1). While results

presented here do not show any lower moisture content limit for the six Euphorbia species,

di verse crops have this limit documented (Ellis et al.. 1982a,b; Ellis et al .. 1988; Ellis et al.,

1989: 1990; Leon-Lobus and Ellis, 2005). There are even cases of longevity declining

when seeds are stored at moisture contents below the lower moisture limit. nus is

sometimes attributed to imbibition injury as ultra dry seeds rapidly lake up water during

germination. Furthermore, 11lere are risks or over-drying seeds to lower moisture contents

especially when seed coats are hard compared with enclosed living tissue thus exposing

seeds to mechanical damage manifested by decline in storage longevity.

In contrast an upper limit is reported at about 15% in lettuce (Ibrahim and Roberts, 1983)

or 22% in Elm (Tompsetl and Kemp, 1996). This coincides with the time in a seed

adsorption isotherm, when water starts to be held predominantly held within multi-

molecular binding sites (Type III) at the upper inflection point on the isotherm (ca. 85% rh;

Fig. 1). Ellis and Hong (2007b) could not discern a lower moisture in twelve crops since

moisture content investigated were relatively higher and could not demonstrate the.lower

moisture limit phenomenon. Similarly for all species used in this study, moisture content

tested ranged between 4% and 10% and no moisture content limits were observed across

this range,

Further isotherms determined in this investigation [or 8 Euphorbia species (Figs. 26; 27)

confirmed that the storage experiments conducted in order to estimate the moisture
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relations of seed longevity were within region Il of water binding and that the limits to the

moisture relation of seed longevity were unlikely to be observed.

5.3.1 Prediction of seed longevity

It is important that findings of this study guide seed handling practices at various levels in

Kenya since poor seed storage facilities exist in many parts of the country. There are also

massive undocumented post-harvest losses in longevity of seeds of many plant species used

in agriculture or forestry programmes in Kenya. Consequently, species constants derived in

this study should be applied to guide real time prediction of seed longevity in any part of

Kenya where these species grow. Furthermore, Probert (2003) used similar longevity

findings as those derived in the study to predict longevity of Maize seeds held at conditions

prevalent at Mombasa and Lodwar. In order to make longevity predictions, appropriate

climatic data (temperature and relative humidity) were acquired for Kisumu and Nairobi

from Her Majesty's Stationary Office (HMSO, 1983). The measured oil content (Table 14)

and viability contants KE and Cw Crable J 2) for E. heterochroma, E. heterophylla, E.

pseudoburuana and E. quinquecostata were used to predict longevity (0, days or years to

lose I probit) using the MSB viability equations (Flynn, 2006; Equation, 1). Firstly,

longevity was predicted assuming seeds are dried under ambient climatic conditions and

have attained moisture content in equilibrium to ambient relative humidity prevalent for

Nairobi or Kisumu. These are conditions cornman on-farm near these two cities. Secondly,

predictions were derived for seeds dried to equilibrium with these conditions for Nairobi

and Kisumu, sealed hermetically and stored under basic refrigeration (5°C). Basic

refrigeration is used for seed storage by academic and research institutes in Kenya. Finally,

predictions were derived for each species on the basis of eMC acquired under seed bank dry

room conditions (15% rh and 15"C) and hermetically stored at the recommended

temperature, -2(te.

Across species, longevity appeared to increase at least eight-fold for seeds dried in

equilibrium to conditions at Kisumu (23.7°C) and stored under refrigeration at 5°C

compared with ambient whilst for Nairobi (19°C), four-fold increases in longevity were

discernible (Table 16). Similarly, if the same seeds were dried at optimal conditions

prevalent for a seed bank dry room (15% rh and 15°C) and stored at a reduced temperature

of -20°C, phenomenal increases in seed longevity were evident. Precisely, the time taken

for viability to fall by one probit under ambient conditions was different for each species

ranging from 46 d in E. heterochroma at Kisumu to 33 d at Nairobi (Table 16), If the same
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seeds are dried under ambient conditions for these two cities, sealed and stored hermetically

in a refrigerator, they are predicted to lose one probit after 344 and 139 d at Kisumu and

Nairobi respectively. Remarkably, seeds for the same species dried under seed bank

conditions and stored at -20°C will lose one probit after 588 years (Table 16). For the other

three species; E. heteropylla. E. pseudoburuana and E. quinquecostata, seeds will lose one

probit after 98, 33 and 86 d respectively under ambient conditions for Kisumu and after 98,

20 and 53 d at Nairobi. The longevity or these species increased eight-fold and four-fold on

storage under refrigeration for the same cities respectively (Table \6). When dried in a seed

bank dry room and stored, the longevity of seeds from all species increased greatly .

t07



Table 16. Predictions of seed longevity (time for viability to fall by one pro bit, d) for seeds from four Euphorbia species. Seeds equilibrated under

mean ambient conditions of 23. T'C and 58% rh for Kisumu and 19°C and 66% rh for Nairobi and stored either under ambient conditions or sealed and

stored at 5°C. Also shown, predicted longevity of seeds stored under seed bank conditions.

Species erne= o () emc* o () emc* Seed

Kisumu Kisumu Kisurnu Nairobi Nairobi Nairobi dry- bank

(% 23.7°C s-c (% f.wt.) 23.7°e s-c room .zo-c
f.wt.) (days) (days) . (days) (days) (% (years)

f.wt.)

E heterochroma 7.8 -+6 344 8.9 33 139 3.8 588

E heterophylla 9.9 98 729 11.3 98 409 4.8 206

E pseudoburuana 9.2 33 249 10.6 20 82 4.5 799,
E. quinquecostara 7.8 86 640 8.9 "" 220 3.8 2593_.J

* Equilibrium moisture contents estimated using Crornarty s equation [eqn(9)] with the measured oil contents (Table 4.11) and mean values of rh and

temperature for Kisumu and Nairobi (HMSO. 1983) or for seeds equilibrated in the seed bank dry room (15% rh, 15°C).
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Exceptionally high longevity of 2,595 years is predicted [or E. quinquecostata dried and

stored in a seed bank (Table 16). This seed prediction methodology reported above could

also be applied to seeds stored in other ecological zones of Kenya thus inform communities

on how to maintain viable seed stocks on-farm.

However, any seed-lot will have initial viability corresponding to a specific value on the

sigmodal surve (Fig. 2 B). In general, seed-lots [rom the central part (mean of population)

will appear to lose viability rapidly in storage compared with seed-lots from the first part or

the last part of this curve (Fig. 2B). For Euphorbia species investigated here; majority were

of a low initial quality and were therefore [rom the central zone and latter part of the

survival curve. This study support frequent re-testing for seeds of such species in a seed

bank probably every five years. In the case for high quality see-lots for some Euphorbia

species and in view of many years of storage life predicted (Table 16), such species should

be re-tested every 15 to 20 years.

Finally, against this evidence 011 seed longevity, it is suggested that when resources allow,

basic refrigeration should be used for storage of seeds likely to be required [or several

seasons. Care should however be taken to ensure that long-term security seed stocks are

dried and stored under seed bank conditions.

5.4 Water binding properties

5.4.1 Isotherms

This work forms the first ever empirical study addressing ex-situ seed longevity as affected

by water sorption, oil content, seed structure (embryo, seed size) and climate, for a large

number of species within the genus Euphorbia.

The adsorption' isotherms for the eight Euphorbia species determined using IGAsorp

revealed reverse sigmoid curves (Figs. 26 - 27). D' Arcy-Watt analysis (equation 10) of

isotherms showed variation in the number of strong, weak and multi-molecular water

sorption sites across species. These sorption sites correspond to the three distinct stages
t

outlined in Fig. 1. Firstly; stage I refers to the lower part of isotherm where me increases

rapidly with small increases in rho Within stage II (flatter part of curve) small changes in me

occur in response to large rh changes. FinalIy in stage Ill, me increases rapidly with small

l09



changes in rho These stages correspond to the proportional occupancy by water in the

strong, weak and multi-molecular water sorption sites (Sun, 2002).

The viability model used extensively in this investigation effectively models seed longevity

within region II, when water for the three sorption sites is represented in different

proportions, and equivalent to water potentials between -14 and -350 Mpa (Decagon,

2(00). Changes in seed water content within this region decreases or increases longevity

and such changes are examined in detail in this study.

Increased number of weak sorption sites and their link to seed deterioration was observed in

primed Vigna radiata (L.) (Sun et al., 1997). These workers also confirmed that strongly

bound sites have little effect on longevity. Sun (2002) suggested that the removal of water

from the weak sorption sites could be related to desiccation damage in seeds.

Of the 8 species investigated, E. heterochroma, E. pseudoburuana and E. heterophylla had

similar number of weak water sorption sites while E. turicalli, E. tenuispinosa and E.

candelabrum showed the same number of weak water sorption sites (Table 13). However,

there were evident differences for these six species compared with E. quinquecostata and E.

robecchii . In particular, E. qUinquecostata had more weak water sorption sites (29.59

xl02o), a thirty-seven fold difference compared with E. robecchii with the least number of

weak water sorption sites (0.80 x 102°. Table 13; Figs. 27 A; B). This indicates an upper

shift of the absorption isotherm for E. quinquecostata indicating more water held at a

particular rh compared with the other species. This equates to E. quinquecostata seeds in,

storage having more weak water binding sites and perhaps a greater effect of rh on seed

longevity (higher Crt.). Similary for E robecchii, less water is held at a particular rh and by

inference we would expect asmaller effect of rh on seed longevity (lower CrI.).
..

Thus, when longevity for E. quinquecostata was interpolated from the rh determined

relations (Fig. 25) at 35 % and 75 % rh, there was a more than hundred-fold increase in

seed longevity (time for viability to fall by one probit) from 1.4 to 166 d. In contrast the

l~wer estimate for erh for E. bussei meant that the increase in longevity over the same rh

range was much less, just eighteen-fold, with a increasing from 7.1 to 126 d. Although the

magnitudes are different these findings nonetheless emphasise the substantive benefits on

reducing rh in order to increase longevity during seed processing.
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Two constants KF and Cw, vital in the prediction of longevity using the viability model

were considered in analysis against the number of water sorption sites. Precisely, Cw

quantifies the relative sensitivity of seed longevity to moisture content while KE is derived

in response to the hereditary attributes of seeds. A linear regression of both Cw and KE

against the three water sorption sites was non-significant (P > 0.05, Figs. 29, 30). Ellis et

al., (1 990b) showed that when seeds from diverse contrasting crop species were held under

identical conditions of rh, there were no differences in their viability constants including

Cw or Kr. Similar findings were also found in other species (Roberts and Ellis, 1989;

Vertucci and Roos, 1994). This could be attributed to the fact that seeds display similar

water activity when held in identical rh and therefore, the effect of the change in seed eRH

on longevity does not differ between species. The relationship between longevity and rh

described by the semi-Iogarthmic relationship between 10glO0 and rh is used to derive the

constant Crh. A linear regression of the constant Cell (equation 7, i.e slope oflog 10 0 and rh)

against the three water binding sites was not significant (P>O.05, Fig. 31). Besides

similarities in initial viability and longevity, the major inflection points for the 8 species

adsorption isotherms were similar, occurring at about 20% rh (transition linking strong and

weak sorption sites) and around 80(% rh (transition linking weak and multi-molecular

sorption sites) suggesting similar hygroscopic behaviour.

Eira et al . (1999) also found similar relati ve humidity - water content relations in seeds of

several Coffea species. Their study however, recognised differences in water sorption

between seeds and excised embryos attributed to higher lipid composition in embryos. This

agrees well with earlier findings which showed that water sorption differences are

dependent on lipid composition in whole axes or pellets of legume cotyledons (Vertucci

and Leopold, In7).

The work reported ill this study did not entail priming or analysis of water sorption in

excised embryos and the reason for observed unique distribution of strong and multi-

molecular sites particularly in whole seeds of E. robecchii and E. quinquecostata remains

unclear. This unique behaviour can only be attributed to other seed constituents such as

sugars and proteins which were not a subject of this study.

Furthermore, lower respiration thresholds have been related to high lipids in seeds

(Vertucci and Leopold, \990). In addition, sucrose particularly oligosaccharides are known

to confer tolerance to desiccation during seed maturation and are linked to acclimatization
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in some temperate plants (Jones et 01.. ; 999). Since species [rom the genus Euphorbia

thrive in the dry lands, there could be differential accumulation of such sugars. However,

only [our species were involved in the current study and the need for a further study

encompassing more species and more factors such as excised embryos and a range of

secondary plant products is necessary.

Finally, contrary to posiuve findings of correlation between longevity and weak water

binding sites (Sun et al., 1997), this study shows that the number of weak water binding

sites do not correlate positively with seed longevity in 8 Euphorbia species investigated.

5.5 Oil con ten t

Results presented here show that some species seeds are rich in oil with E. quinquecostata

and E. heterochroma (> 40%, d. wt.) being more oily compared with E. magnicapsula and

E. pseudoburuana « 30%, d. wt). This is not suprising since seeds from the genus

Euphorbia have embryos embedded in an oily endosperm (Mabberley, 1997). In this study,

evidence of oil effects on water relations would be manifested through effects at various

levels. Firstly, through the constant attributed to the relative sensitivity of longevity to

moisture content, Cw or that attributed to species inherent response to longevity, KE.

Secondly, species absorption isotherms would show significant changes in the number of

weak water holding sites within zone Ii (Fig l ).

Surprisingly for these parameters (Cw or Kd, results presented here showed non-significant

effects with regard to oil content (Figs 32-33) However, the slopes of the rh derived

relationships reported here were similar and showed clearly, that seeds were experiencing

similar water activity when stored at the same rho This is supported further by non-

significant effects of Crh on the number of water sorption sites in these species (Fig. 31).

While eh or Cw between species appeared close on the basis of their numerical value, a

linear regression of 10glO (J against 10glOme or rh was significant, suggesting real species

differences in seed storage behaviour in response to either rh or me. Depending on the

environment where the plant producing seeds is growing, the chemical composition of the

seed in particular with respect to oil content can vary and this may have an effect on the

ability to dry. This may have negative impacts since seed drying equilibria suggest low

equilibrium moisture content for oil seeds. Despite this evidence of high oil content in

these seeds, total oil content did not have significant effect on longevity (P>O.05; Fig. 33).
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In this study, oil was extracted [rom whole seeds. However, there was no significant

relation between Cw or longevity on oil content. It may be possible that most oil is

proportionally held in either endosperm or the embryo. A further effort to extract oil from

these dilTerent seed parts and relating these to longevity is recommended.

In an ideal situation, the empirical method used here and Cromatry et al. (1985) equation

should give the same results [or amount of oil predicted. However, for seeds equilibrated at

15°C and j 5% rh, these methods showed significant relations compared with non-

significant effects at 45° C and 60% rh (Figs. 33 C-D). While it is appreciated that these two

approaches provide data required to resolve the effects of oil on longevity, it is vital that the

methods are harmonised between laboratories to allow replication. In view of the fact that

seed chemical composition is influenced by the plant growing environment and the plant

genotype, the procedure [or instant oil extraction used in this investigation is supported. It

is accepted here that this procedure can be extrapolated rapidly to existing conditions at the

time of seed collection. Nevertheless, this procedure should be tested further using a broad

range of species across several laboratories.

Since seeds are hygroscopic (absorb or desorb water from the environment), the most likely

effect of oil is through effects on water relations, since the more oily seeds would..
equilibrate to lower eMC compared with non-oily seeds. Previous studies however, have

showed non-significant effect of oil on longevity (Medeiros et. al., 1998; Walters et al.,

2005). In contrast, Pritchard and Dickie (2003) showed that in 18 species, low Cws

correlated with high seed oil content while on the other hand [or 48 species, oil content did

not significantly affect seed longevity Vertucci ct al. (1994) suggested that seeds .with

higher lipid content have lower thresholds of respiration, hence affecting their optimum

storage potential. The mechanisms [or seed ageing are linked to unsaturated fatty acids

producing reactive free-radicals hence reduced lipid peroxidation extend longevity

(Ponquett et al., 1992).

5.6 Seed area, ratio of embryo to seed area and seed dJ1' weight

For the 12 Euphorbia species, significant relationships between seed longevity and either

embryo size, seed area or seed dry weight were not observed (Fig. 34 A, C). However, the

ratio of embryo to seed area positively correlated to longevity (Fig. 34 B). These results are

in contrast to Bird (2006) who did not find a significant relationship between seed longevity

and embryo-to-seed area ratio for 16 Ranunculus species. Furthermore, whilst Probert 2007
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(Pers Com), did observe a .significant relationship between seed longevity (P50) and

embryo-to-seed area ratio across nearly 200 diverse taxa, the relationship was positive

contrary to the negative one observed for these 12 Euphorbia species. Why a small embryo

relative to the size of the seed might be advantageous needs further investigation (if indeed

this is an evolutionary adaptation and not a random trait).

The Euphorbia species investigated here are found within the arid and semi arid lands

where drought survival strategies entail investing in seed mass, size, structure,

photosynthetic surfaces and ability to store water (succulence) to enhance survival in-situ.

A number of ecological factors affect seed size and dry weight (Wulff, 1986). For example,

in Desmodium paniculatum, high temperature during growth, defoliation at higher

temperature, nutrient supply, position effects on mother plant and availability of

photosynthetic resources affect both seed size and dry weight. Variation in seed mass

occurs amongst plants, between years and even within plants in Banksia marginata

(Vaughton and Ramsey, 1998). Further, research [rom the arid woodlands of central

AUStralia has shown a relationship between seed dispersal mode and seed mass (Leishman

et 01., 19(5).

Against these findings, variation in seed structure is likely to be dependent on genotype and

environment interactions. Embryo observations using light microscopy and image capture

showed that for these Euphorbia species, the endosperm-seed coat seal was delicately

sealed (Plates 2-7). The efTects of this seal in oily seeds such as those investigated here is

uncertain. More work is required to elaborate further the factors affecting the ratio of

embryo to seed area besides seed structure effects on longevity.

5.7 Climate

With the exception of seed-lots for populations of E. hirta and E. heterophylla collected

from Maseno where mean annual rainfall was high (1792 mm) and mean temperature SL,,{

months post seed dispersal moderate (20.1 °C), the climate where the majority of the

species were collected (Eastern Kenya) can be described as dry and hot. On a global scale,

it has been confirmed that for a broad range of species from different families, mean

temperature six months post-dispersal and mean annual rainfall are significant predictors of

seed longevity (Probert, 2007- Pers Com).
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Climatic data, specifically mean temperature six months post-dispersal and mean annual

rainfall were incorporated in this investigation from 39 in-situ sites representing actual

locations from where seeds for this investigation were derived. A linear regression between

longevity and either mean monthly temperature six months post seed dispersal or mean

annual rainfall was non-significant (P>O.OS; Figs. 36; 37). The relationship between

longevity and life-form survival strategy was also non-significant (Fig. 19; P>0.05). Bird

(2006) also observed non-significant relation between seed longevity and either rainfall or

temperature. This is not a surprise since thresholds of climatic variables such as

temperature, light, drought and nutrients tend to have similar effects over a wide area

(Fenner, 1991). It is also suggested that temperature in the field during seed maturation is

correlated with either germinability or dormancy. Precisely the environment during seed

maturation has major impact on the potential longevity of a species seed-lot (initial K, -

Pritchard and Dickie, 2003). Walters et at. (2005) screened species from South East Asia,

Europe and America and found that certain geographic origins appear to either support

either long-lived or shorter-lived species. It appears, the more drier an environment is, the

more likely longer-lived species will be found as seeds are likely to have developed

inherent attributes for surving despite the existing adverse conditions.

The species investigated here exploit micro-niches in dry rocky micro-habitats thus

exploiting mutually beneficial plant-soil relations in harsh environments which could be

significantly different from gross climate variables of an area. Moreover, the majority of

species used in this investigation were derived from around the Kenyan equator region;

where climatic variables and in particular light and day length do not differ over wide areas.

The limited spatial spread of the field sites sampled in this study may have not been broad

enough to capture the effects of gross climatic variables incorporated to predict longevity.

Besides, longevity could also be influenced at landscape level by interactive effects of

species genetics and / or pollinators. In my opinion more research is required to explore in

detail the non-significant relations between seed longevity and the effects of both

temperature and rainfall.
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CHAI>TER 6 CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

1. Intra-species longevity differences were greater in the genus Euphorbia

compared with the genus Kalanchoe whereas in Edithoclta grandis, the

range of variation was intermediate compared to the other genera

Nevertheless across genera, life-form survival strategy did not show positive

relationship with longevity.

2. Longevity differences in these species are attributed to the initial quality of

seed-lots (Kr) and the frequency distribution of seed deaths in time (a).

3. The constants Cw (relative sensitivity of longevity to moisture content) and

KE (attributed to inherent attributes of plant) did not correlate positively with

seed longevity or show consistent trends with plant life-form

4. For high quality seeds with long lifespan such as that predicted for four

Euphorbia species (Table 5. I), re-testing in a seed bank should be relaxed to

every fifteen years instead of 10 years and five years for seed-lots of shorter-

lived species entering storage with a low initial viability.

5. Short-term working collections like those used for academic institutions,

farmers or traders should dried under ambient conditions and maintained

under refrigeration for several months.

6. There was no significant relationship between the number of water sorption

sites and seed longevity and neither did total oil content show positive

relationship with determined species constants, precisely Cw, KE, Crh or with

seed longevity.

)

7. Seed structure particuiarly seed size, embryo size and seed dry weight did

not positively correlate with seed longevity, while the ratio of seed embryo

to seed area was significantly correlated to longevity.
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8. Climatic effects on longevity from two climatic conditions (Nairobi and

Kisumu) and three storage conditions (Table 5.1) overwhelmingly supports

storage of seeds at moisture contents in equilibrium with seed bank dry

rooms and standard storage conditions (-20°C) for effective plant genetic

resources conservation. Nevertheless, temperature and rainfall did not show

significant relationship with seed longevity in these succulent species.

6.2 Recommendations for future research

1. To avoid further decline in the initial viability of seeds following harvest or

using dormant seeds in longevity prediction, research on post-harvest seed after

ripening is required. Further, due to the high K, in the non-Euphorbia species,

more research is needed across more species so that the data can be compared

with the large data set of species from the genus Euphorbia developed in this

study.

2. Species constants [or Edithcolia grandis and species from the genus Kalanchoe

should be determined to allow broad predictions of seed longevity.

3. Research should be initiated to determine viability constants for numerous other

species of economic value in Kenya and therefore enable prediction of longevity

between agro-ecological zones as these areas will have different relative

humidity and hence seeds are likely to differ in their storage potential.

4. Water sorption research should be extended to more succulent species to enable

a genus approach to the understanding of the effects of water binding on

longevity.

5. Research on oil extraction from different seed parts such as embryo and

endosperm with harmonised methods is required and should be replicated

between laboratories.

6. Research on the effects of genotype and other factors (for example, temperature,

water availability, position on plant, leaf defoliation) on seed size, dry weight

and their role in predicting seed longevity is needed.
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7. For seed collections held at ambient conditions typical for Kisumu, Nairobi and

other Kenyan agricultural zones by communities, institutions or the industry)

care is required since longevity can be lost within a short period if prevailing

relative humidity and temperature is high. Under these conditions) seeds should

be dried and stored hermetically in a refrigerator.
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