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Chapter Five - Genotypic diversity and clonal structure of an aspen- 

dominated (Populus tremula L.) semi-natural woodland in 

Strathspey, Scotland. 

5.1 Introduction. 

Aspen (Populus tremula L.) is a widespread, though rarely common, species found all over 

Scotland including the Western and Northern Isles (Worrell, 1995a). It is a dioecious, 

outcrossing species and is Scotland’s only native poplar and typically occurs in small groups 

or as single trees on roadsides, cliffs, screes or field margins. Only in Strathspey, 

Sutherland and Deeside are large aspen stands found - usually within birch-dominated 

mixed broadleaved woodland. In these three areas, especially Strathspey, aspen 

woodlands form a distinctive and unique habitat within the UK and make a significant 

contribution to the area’s natural heritage. Moreover aspen woodlands are considered to 

have a high conservation value (MacGowan, 1992; Worrell, 1995a); a survey of the 

entomological interest of aspen stands in the Central Highlands yielded one species new to 

science and seven Red Data Book listed species forming a unique insect assemblage rare 

in the UK (MacGowan, 1992). 

A survey of the aspen stands throughout the Scottish Highlands reported only 18 stands 

greater than 1 ha remaining (MacGowan, 1992). In total only 157 ha of aspen dominated 

woodland remains and of these only 27 ha are under any statutory protection. This is a 

relatively small area though it may be decreasing due to human disturbance as new roads 

are built and new houses erected throughout Strathspey and Deeside (MacGowan, 1992). 

Moreover, many aspen woodlands show little or no regeneration due to heavy browsing and 

are clearly at long term risk as older trees reach the end of their short life span (between 60 

- 100 years (B&-set, 1970)) without any recruitment. As aspen is thought to regenerate 

rarely from seed (Worrell, 1995a; Boluski; Brodie; Shearer persona2 communication) so the 

opportunity for colonisation of new sites is limited. The potential for natural expansion of 

aspen woodlands is therefore restricted to the areas immediately adjacent to existing 

stands though this is, for the most part, thwarted by browsing. There is a clear need to 

protect and manage existing aspen woodlands but also to secure the long-term future of 

this unique and valuable woodland habitat through the establishment of new aspen 

woodlands (MacGowan, 1992). 
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5.1.1 Establishing new native aspen woodlands. 

The Forestry Commission Bulletin 112 (Rodwell and Patterson, 1994) sets out best 

practice for the establishment of new native woodlands for the range of woodland types 

identified in the National Vegetation Classification @AK). Perhaps due to the restricted 

area and fragmentary nature of aspen woodland there is no reference to this woodlands 

type and little mention of aspen within Bulletin 112. Indeed the literature in general on 

aspen in Scotland is very limited (Worrell, 1995a) and makes few references to aspen 

woodland (MacGowan, 1992; Powell, 1957). 

The guidelines presented in Bulletin 112 are based on the simple premise that successful 

establishment of authentic new native woodlands should follow, as closely as possible, 

models provided by existing high quality natural/semi-natural woodlands. For most 

woodland types there is a wealth of published information on woodland structure, species 

composition and age structure. However, such information does not exist for aspen. This 

study seeks to investigate the genetic and physical structure of a high quality aspen 

woodland - Tomnagowhan Wood, Strathspey, - to provide a model on which to base sound 

guidelines for the establishment and management of new aspen woodlands which will be 

structurally, ecologically and genetically authentic. 

The pattern of aspen regeneration differs markedly from that of any other of the native 

trees found in the Highlands (Forestry Commission, 1991; Worrell, 1995a; B&-set, 1970; 

Powell, 1957). Regeneration is thought to seldom originate from seed, instead aspen 

regenerates asexually by means of root suckers which are sent up profusely from its 

extensive shallow root system. These suckers develop to form potentially independent 

though genetically identical trees often clustered together to form the typical aspen clone. 

The autecology of aspen is such that a detailed knowledge of the genotypic diversity and 

pattern of clonal spread within natural/semi-natural stands is essential to provide sound 

guidelines on the number of clones and the pattern of planting to maintain genotypic 

diversity and authentic clonal structure in new aspen woodlands. It is also important to 

maintain genotypic diversity at natural levels within new aspen woodlands to secure the 

long term health of these woodlands. Genotypic variation can lessen the impact of pests 
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and diseases especially Poplar bacterial canker Xanthomonas pop&i which has an 

extremely low incidence in Scottish natural populations (person& observation) but which is 

a major disease in continental aspen populations (Jobling, 1990). Furthermore it is 

important to uncover the clonal strategy (Louvet Doust, 1981) and pattern of occurrence 

adopted by aspen to enable its replication in new planting schemes. 

Aspen’s clonal growth habit, and the reports of clones of P. tremuloides in North America 

covering large areas up to 107 acres (Kemperman and Barnes, 1976; Cook, 1983), may 

have given rise to the widely held belief amongst many Scottish foresters that most large 

aspen stands are comprised of a single extensive clone or very few clones at the most. 

However most clonal species have been found to be as genetically variable as sexual species 

(Hamrick et al. 1991; Hamrick, Mitton and Linhart, 1981; Ellstrand and Roose, 1987; 

Widen, Cronberg and Widen, 1994), indeed investigations using isozyme analysis have 

found that putative clones of P. tremuloides identified by experienced foresters were, in 

fact, comprised of a number of smaller clones (Cheliak and Pitel, 1984a). Moreover, a 

study of genotypic diversity and clonal spread using isozyme analysis in natural stands of 

P. tremula in Belgium found a heterogeneous clonal structure with a variety of clonal 

strategies being exhibited and up to 14 distinct genotypes found in 3 ha. area (Culot et 

aZ.unpub). Results from Chapter Four suggest that single aspen clones do not cover 

extensive areas in Scotland and that within-population genotypic variation is relatively 

high. 

Although aspen of continental origin is widely available, the availability of locally seed- 

origin planting stock is, at best, only episodic and much of the commercially available 

native aspen planting stock is derived from vegetative propagation or, more recently, micro- 

propagation produced from root material collected from semi-natural woodlands (Ahuja, 

1984; Muir, 1996). At present, root material is collected from very few clones within 

Scotland on a Zassez faire basis (Muir, 1996). Information on the genotypic diversity within 

semi-natural woodlands could provide a basis for guidelines on the numbers of clones that 

should be collected from a population in order to provide planting stock with sufficient 

genetic variation to allow the creation of authentic new native aspen woodlands. 
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5.1.2 Genotypic diversity and clonul identification. 

In selecting the appropriate type of genetic marker for genotype identification and 

delineation of clones a number of factors must be weighed up including:- diagnostic power, 

accuracy and consistency, cost, development time and ease of use. DNA-based techniques 

such as VNTR and RAPD fingerprinting have been successfully used in clonal 

investigations in a number of plant species (Rogstad, Patton and Schaal, 1988a, b; Schaal, 

O’Kane and Rogstad, 1991). VNTR fingerprinting using the Ml3 mammalian minisatellite 

has been used to detect clonal interdigitation in P. tremuloides (Rogstad, Nybom and 

Schaal, 1991a), while RAPD fingerprinting has also been used to identify ‘elite’ poplar 

clones (Castiglione et aZ.1993) and successful identification of P. tremuloides clones has 

been demonstrated (Liu and Furnier, 1993c). DNA based markers can potentially uncover 

a greater level of genetic variation and thus may have higher diagnostic power than older 

methods such as isozyme analysis However VNTR and RAPD fingerprinting requires long 

development times and incur extremely high costs when large number of individuals are 

screened compared to isozyme analysis which requires only short times to develop a suite of 

markers and is much more cost effective. 

Indeed isozyme analysis has become the standard method for genetic analysis of clonal 

plant species (Widen, Cronberg and Widen, 1994; Ellstrand and Roose, 1987) and has 

been widely used in the identification and delineation of genotypes across a wide range of 

plant species (McClintock and Waterway, 1993; Gallacher, Lee and Berding, 1995; 

Eksomtramage et aZ.1992; Parker and Hamrick, 1992; Price, Sheffield and Tyson, 1995; 

Breitenbach-Dorfer et al. 1995; Aspinwall and Christian, 1992; Parks and Werth, 1993). 

The technique has been used to investigate the clonal structure of natural populations of P. 

tremuloides and P. grandidentata Mitton and Grant, 1980) and is used to identify clones 

and certify commercial crosses of P. tremuloides by the USDA Forest Service (Cheliak and 

Pitel, 1984a; Cheliak, 1993). Isozyme analysis has successfully used in the cataloguing of 

commercial cultivars of P. tremula (Bergmann, 1981, 1987) and to investigate clonal 

structure in natural populations of P. tremula in Belgium (Culot et aZ.unpub.). 

The suite of isozyme systems developed for the investigation of genetic variation within and 

among Scottish populations of aspen - see Chapter Four - are of sufficient diagnostic power 

to accurately and consistently identify genotypes as evidenced by the consistently high 
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genotypic diversity (mean G/N = 0.85) estimated within Scottish aspen populations. This 

suite of isozyme systems will be used to identify and delineate genotypes in this study. 

The diagnostic power of this suite of isozyme systems will be further evaluated using 

recently developed statistical methods (Aspinwall and Christian, 1992; Parks and Werth, 

1993; Widen, Cronberg and Widen, 1994). By mapping the position of aspen trees in 

Tomnagowhan Wood and superimposing the multi-locus genotype derived from isozyme 

analysis the shape and size of clones can be visualised and measured and the genotypic 

structure determined. 

5.1.3 Phenotypic clonal markers. 

As isozyme analysis is not accessible to most forest and nursery managers there is a clear 

need for the identification and development of phenotypic clonal markers to allow genotypic 

variation to be assessed in the field. Phenotypic clonal markers are characters which 

ideally can be scored by any competent field biologist and which can discriminate between 

clones. Such markers may include a host of morphological characters, phenology, leaf colour 

or sex. They must also be insensitive to the environment or have a common response to 

environment. They are of especial use and importance when collecting root material for the 

production of planting stock by vegetative propagation where efforts must be made to 

identify the clone of origin and to optimise the genotypic variation collected. This is 

relatively straightforward when collecting from small ostensibly monoclonal stands or single 

trees but this is much more difficult when collecting root material from large aspen 

woodlands. 

Barnes (1969; 1975) developed a system for the routine identification of clones of P. 

tremuloides and P. grandidentata in North America using phenotypic characteristics which 

he ranked in efficiency and diagnostic power - sex was the most useful, followed by 

flowering date and leaf flushing date. P. tremula in Scotland flowers so infrequently that 

sex and flowering date are of little use as clonal markers in Scottish populations. However 

leaf flushing date has been widely noted as a clonal marker in North America (Baker, 

1921; 1925; Barnes, 1966; Cottam, 1954; Einspahr and Winton, 1976; Blake, 1963; 

Kemperman and Barnes, 1976; Egeberg JR, 1963; Mitton and Grant, 1980; Cheliak and 

Pitel, 1984a) and has also been suggested as a clonal marker in P. tremula (Worrell, 

1995a; Brodie, personal communication). The potential for using leaf flushing date as a 
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phenotypic clonal marker is investigated by comparing this character within and among 

clones identified using isozyme analysis. This will, for the first time, provide an estimate of 

the diagnostic power and hence usefulness of this character as a phenotypic clonal marker. 

5.1.4 Aims. 

This study aims to investigate the genotypic and physical structure of a high quality native 

aspen woodland in Strathspey to provide an empirical basis for recommendations on the 

establishment and management of new aspen woodlands and the expansion of existing 

woodlands. There are two main objectives: to provide information on the number of clones 

and the pattern of clonal spread within an area of semi-natural aspen woodland; and to 

develop phenotypic clonal markers for the accurate identification of clones without isozyme 

analysis. 

5.2 Methods. 

5.2.1 Study Site. 

Tomnagowhan wood is the largest aspen woodland in Scotland at approximately 30 ha. 

(Ma&Iowan, 1992) - see Fig 5.1. It is located in Strathspey in the Central Highlands of 

Scotland at the western base of the Cairngorms (OS. Ref. NH 965 155) at an altitude of 

230m. (See Fig. 5.2). Tomnagowhan was chosen as being representative of the limited 

number of aspen woodlands found in Strathspey and Deeside. It is a mixed broad-leaved 

woodland dominated by aspen but also containing, in descending order of abundance; 

Bet&a pendula Roth,, B. pubescens Ehrh., Corylus avellana L., Sorbus aucuparia L., 

Juniper-us communis L. and Crataegus monogyna Jacq. The woodland is used for grazing 

and shelter for both sheep and cattle and there is also a healthy population of Roe and Red 

deer which prevents any regeneration. 

5.2.2 Sampling Procedure. 

Before the size and location of the study area was chosen a small pilot study was 

completed to gauge the appropriate scale of sampling. A transect 280m in length was 

marked through a dense aspen area in the centre of the wood. Fourteen trees were 
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sampled along the length of the transect and the collected tissues were subject to isozyme 

analysis as described below. From fourteen samples five different genotypes were found 

indicating that the scale of the transect was commensurate with the scale of clonal pattern. 

in Appendix Three. 

woodland. 
Tomnagowhan Wood, Strathspey showing the mixed structure of the 

A sampling area was established straddling the pilot transect approximately 7 Ha in area. 

The sampling area consisted of a mixture of wooded areas and glades representative of the 

structure of the wood. From within this area 198 trees were selected, sampled and 

numbered. The sampling effort varied from patch to patch depending on stem density. In 
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dense areas every third tree was sampled, in less wooded areas every tree was sampled. 

Sampling was restricted in dense areas to prevent over-sampling of single clones. Trees 

were marked with Rudd Forestry marker paint to allow later identification. Sampling of 

dormant bud material followed procedures previously developed and detailed in Chapter 

Four. One hundred samples were collected between 20th and 22nd April 1995, the 

remainder were collected on 29th and 30th April 1995. Diameter-at-breast-height (dbh) 

was also measured for each sampled tree. 

5.2.3 Mapping 

All sampled trees were mapped using the following simple procedure. A 100m baseline 

was established through the centre of the sampling area using canes. A grid of 50m by 

50m squares were marked out from this base line. In each l/4 Ha grid square all sampled 

aspen were sighted-in using an optical square. This was done on the X and Y axes of the 

each square to produce a set of coordinates. The position of each sampled tree was checked 

by sighting-in from the opposite axes. These coordinates were then plotted on graph paper 

to produce the map. All trees were mapped to l/2 m accuracy. 

5.2.4 Scoring of Flushing Date. 

Flushing date has been suggested as a phenotypic clonal marker in P. tremuloides (Barnes, 

19691, however, the determination of flushing date requires the constant monitoring of bud 

bursting and leaf emergence and is consequently expensive of time and resources. A 

‘snapshot’ approach was therefore adopted in which the progress of leaf emergence was 

scored against a five point scoring system over one day - the 7th June 1995. The flushing 

scoring system is described and illustrated in Table 5.1 and Fig. 5.3. The use of a five 

point scoring system follows Barnes (1969) who used a similar system to delineate clones of 

P. tremuloides in North America. The five stages are easily identifiable though it is 

recognised they are stages on a gradual process. Leaf emergence was scored before 

analysis of isozyme multilocus genotypes to prevent bias due to prior knowledge of clonal 

patterns. Leaf flushing colour has also been suggested as a potential phenotypic clonal 

marker in conjunction with flushing date (Barnes, 1969). This was also noted at the same 

time as flushing score. 
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Fig 5.2 The location of Tomnugowhan Wood, Stmthspey. 

u 
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5.2.5 Sex determination. 

The sex of each sampled tree was determined in the Spring of 1996 in an exceptional year 

for aspen flowering. 

Table 5.1. The five point leaf emergence scoring system. 

Leaf emergence score 
Four 

I Leaf emergence score 
Five 

1 Buds tightly shut, no evidence of swelling. 1 

Leaves clearly visible having expanded 
lengthways, bud scales still only slightly 
pushed backwards. 
Bud scales nushed back as far as nossible. I 

~~ 
leaves individually discernible, bLginn& to 
expand in all directions. 1 
Leaves fully emerged and expanded, leaves 
able to tremble characteristicall 

y 

5.2.6 Electrophoresis Analysis. 

Isozyme analysis was carried out following the methods developed in Chapter Four. Only 

those loci found to be polymorphic in Scottish aspen populations were screened. These 

included Mdh, Pgm, Pgi-B, 6-Pgd-A, 6-Pgd-B, Got-A and Got-B. All samples were analysed 

within five days of returning to the lab. The scoring of gels followed the procedures and 

scoring system developed previously and described in Chapter Four. 

5.2.7 Identification and delineation of clones. 

The mapping and delineation of clones is based on the premise that trees sharing an 

identical multilocus genotype originate from the same genet. The probability that this 

premise is true depends on the number and variability of the isozyme loci used in clone 

identification. As the discriminating power of a suite of isozyme systems increases so does 

the likelihood that two samples with identical genotypes share a common origin. Three 

methods were employed to estimate this likelihood prior to delineating clones and plotting 

their distribution. These methods are described in increasing order of sophistication. 
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Fig 5.3 The scoring key for the leaf emergence score (LES,I. 

The crudest though most widespread method is simply to calculate the maximum number 

of genotypes that could theoretically arise from the permutations and combinations of all 

alleles from all screened loci. This method is described by Cheliak and Pitel (1984a) and 

subsequently used widely (Parker and Hamrick, 1992; Cheliak, 1993). The maximum 

number of multilocus genotypes that could be theoretically obtained was calculated using 

Equation One. 

Equation One - Calculation of maximum number of genotypes after Cheliak and Pitel 
(1992). 

where Ng is the maximum number of unique 
genotypes, ai is the number of alleles at the 
ith locus h L is the number of loci 
examined 
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The second method used to evaluate the likelihood that two identical multilocus genotypes 

originate from the same genet and therefore the discriminatory power of the suite of 

isozymes was developed by Aspinwall and Christian (1992). These authors devised a 

method of calculating the average probability (P mean) for a suite of isozyme loci across all 

trees in a sample population that two samples, each from different trees sharing an 

identical multilocus genotype, originate from a common genet -see Equation Two. This 

method uses observed genotype frequencies as empirically derived probabilities. Genotype 

frequencies are calculated on a ramet basis, i.e. for each sampled tree in a population. By 

using the product rule for permutations the probability that an observed multilocus 

genotype will arise is estimated by multiplying individual genotype frequencies for each 

screened locus. The mean value (Pma& for a population is then calculated over all 

ramets. 

Equation Two - Calculation of Pman after Aspinwall and Christian (1992). 

where Q = individual in a sample, N = 
number of individuals in a sample, M = 

P mean = l- 
Q!& (%) number of polymorphic loci in a sample, D = 

N 
individual polymorphic enzymes, XDQ = 
number of individuals in the same Dth 
allozyme pattern as the Qth individual, PD 
= total number of individuals examined for 
each polymorphic locus 

The most sophisticated approach to evaluating the power of a suite of isozyme systems to 

identify and delineate clones is provided by Parks and Werth (1993). They present a 

method to calculate the likelihood that identical genotypes could result from independent 

sexual events. Their approach requires the calculation of two specific probabilities for each 

multilocus genotype Pgen and Pse, 

Pgen is the probability that :- 

consecutively sampled trees which originate from different sexual events would, by chance, 

share the same multi-locus genotype - see Equation Three. 

Equation Three - the calculation of Pgen after Parks and Werth (1993). 

Pgen = 
where pi,% = the product of the frequencies 
of the two alleles at each locus represented 
in the multilocus genotype, h = is the 
number of loci that are heterozygous within 
the multilocus genotype. 
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Pae is the probability that 

a tree, somewhere in the population, will be sampled which originates from a different sexual 

event yet shares the same multi-locus genotype as another tree in the population. - See 

Equation Four. 

Equation Four - calculation of Pse after Par& and Werth (1993). 

where G equates with the number of 
distinct genets sampled in the population (G 

Pse = l-(1- PgenJG cannot be known exactly due to circular 
reasoning so must be estimated, however if 
G is approximated as the number of distinct 
genotypes it is almost certainly an 
underestimate of the genotypic variation 
and so makes the calculation of Pse 
conservative) 

Their method is based on three assumptions: that each genotype is the result of a sexual 

event and not due to mutation of a pre-existing genotype; that alleles at separate loci are 

distributed independently i.e. there is no significant linkage disequilibrium; and that 

mating is random. The first assumption generally holds since mutation rates for individual 

loci are extremely low (Mukai and Cockerham, 1977). Linkage disequilibrium was tested 

using Fisher’s exact test on contingency tables by means of GENEPOP (Raymond and 

Rousset, 1995) (see Chapter Four). The goodness of fit between observed genotype 

frequencies and Hardy-Weinberg expectations was tested using the exact test proposed by 

Haldane (1954) with the algorithm of Louis and Dempster (1987) using GENEPOP 

(Raymond and Rousset, 1995) (see Chapter Four). Linkage disequilibrium and Hardy- 

Weinberg equilibrium tests were performed using genotype frequencies derived from 

identified multilocus genotypes and not individual sampled trees. 

As allele frequencies are estimated based on the number of genotypes identified rather 

than the number of trees sampled there is a consequent risk that rare alleles will be over- 

represented since rare alleles often discriminate between clones (Parks and Werth, 1993). 

A method is suggested by the authors to minimise this bias however this method was 

found to be unsuitable in this study as rare alleles were exempted completely introducing a 

contrary bias. It was therefore omitted from the calculations. 
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Pgen provides a probability that adjacent consecutively sampled ramets which share 

identical multi-locus genotypes do not originate from the same genet. If Pgen is greater 

than 0.05 then consecutively sampled ramets with the same multilocus genotypes cannot 

be assumed to have a common origin. This assumption is the basis of genotype mapping 

and Pgen values consistently greater than 0.05 indicate that the suite of isozyme markers 

used are not sufficiently powerful to accurately identify and delineate genotypes within the 

population. 

Pae specifically applies to the case where two or more groups of ramets are geographically 

separate but share the same multilocus genotype. If Pae is greater than 0.05 then it 

cannot be assumed that these groups all have a common origin i.e. they are a product of a 

single sexual event. P se provides an objective basis for the joining or splitting of clones 

which share identical multi-locus genotypes but which are spread throughout the wood. 

5.2.8 Genetic diversity measures. 

On establishing the number of genets within the sample population a number of basic 

genetic diversity measures were estimated (Ellstrand and Roose, 1987; Hamrick and Codt, 

1989; Hamrick et al.1991; Cheliak and Dancik, 1982) following the methods used and 

discussed in Chapter Four. These were genetic diversity He, average number of alleles per 

locus (A) and effective number of alleles (A,.,). The percentage of polymorphic loci was not 

calculated as only loci previously found to be polymorphic were screened. Genotypic 

diversity G/N - the number of genets G detected in a sample of N individuals - was 

calculated as in Chapter Four. Simpson’s Index (0) corrected for infinite populations was 

also calculated (see Equation Five) (Pielou, 1969; Ellstrand and Roose, 1987). This is a 

widely used index co-opted from community ecology (Peet, 1996) which estimates the 

probability that two clones selected at random from a population will share an identical 

multilocus genotype. 

Equation Five - Simpson’s Index taken from (Pee& 1996). 

where ni.is the number of individuals with 
l 

&l-I ;;;I; identical genotype i and N is the total 
number of individuals. 
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5.2.9 Statistical analysis of leaf emergence score. 

The relationship between clone and leaf emergence score (LES) was analysed using the 

Kruskal-Wallis test. This is a non-parametric equivalent of the one-way analysis of 

variance and is particularly suited to analysis of qualitative characters that have been 

categorised to produce an ordinal parameter. The distribution of the test statistic H 

approximates to the x2 distribution provided that individual clones have greater than five 

trees. Minitab (Version 8.21) was used to calculate the tests statistic H. This programme 

includes an algorithm to correct for ties. 

5.2.10 Statistical analysis of DBH measurements. 

The relationship between dbh and clone was analysed using a stz.,ldard one-way analysis 

of variance model to investigate the partitioning of variance within and among clones. 

5.3 Results. 

5.3.1 Zsozyme analysis. 

From 192 bud samples collected in Tomnagowhan Wood 186 were of sufIicient quality to 

allow adequate isozyme analysis. Analysis of five isozyme systems yielded seven 

consistently resolvable loci of which five loci proved polymorphic. These include Pgi-B, Got- 

A, Pgm, 6-Pgd-A and 6-Pgd-B. The scoring and notation of genotypes followed methods 

developed previously - see Appendix One. As no genetic interpretation has been accepted 

for Mdh in aspen (Cheliak and Pitel, 1984a; Bergmann, 1981, 1987) gel phenotype was 

scored following the procedure adopted in Chapter Four and Five. However, Mdh was not 

consistently resolved, in 91 samples banding patterns were too faint to score. In the 

remaining 95 samples Mdh was clearly resolved and highly polymorphic and used in the 

identification and delineation of clones. Those samples in which Mdh was not clearly 

resolved were mostly collected on the second sampling trip. Failure to resolve Mdh clearly 

may be due to metabolic or physiological processes involved in the onset of flushing. 
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5.3.2 Identification and delineation of clones. 

From 186 samples nineteen unique multilocus genotypes were identified. These are 

presented in Table 5.2. The position and distribution of these 19 genotypes is plotted on 

Fig. 5.4. As previously stated the delineation and plotting of clones relies on an 

assumption that samples sharing an identical multilocus genotype do indeed originate from 

the same genet. Three methods were used to estimate the probability that this 

assumption holds. 

Table 5.2. The nineteen unique multilocus genotypes with the number of trees sharing each 
genotype. 

Genotype 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Pgi-B 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

23 

23 

22 

The pc morphic i zyme loci ! reened 

Got-A Pgtll 6-Pgd-A 6-Pgd-B 

12 34 11 11 

12 44 11 11 

22 33 22 12 

22 22 11 12 

22 33 11 11 

22 34 11 12 

22 44 12 12 

22 33 11 11 

22 44 11 11 

12 34 11 12 

22 34 12 12 

11 44 12 12 

33 44 12 12 

22 44 12 12 

12 44 12 12 

12 44 12 11 

12 33 11 12 

12 33 11 11 

11 44 12 11 

Mdh 

1 

1 

5 

2 

1 

2 

5 

5 

2 

2 

2 

5 

2 

Number of 

Trees 

18 

6 

1 

3 

1 

1 

15 

9 

2 

5 

2 

11 

8 

26 

25 

26 

9 

14 

4 
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The least sophisticated method (Cheliak and Pit&, 1984a; Parker and Hamrick, 1992; 

Culot et al.unpub.1 is to calculate the maximum number of multilocus genotypes that could 

theoretically be derived from the suite of isozyme loci used. This was calculated as Ng = 

972 when Mdh is excluded from the calculations. This figure is very large compared to the 

nineteen genotypes detected providing a crude measure of confidence that the suite of 

systems used are sufficient to identify and delineate clones. 

The average probability (Aspinwall and Christian, 1992) that samples sharing an identical 

multilocus genotype originate from the same genet was calculated at Pmann = 0.951. 

Allele frequencies were estimated from the conservative estimate of 17 genets identified 

with five polymorphic loci excluding MDH. There is therefore a greater than 95% average 

probability that samples sharing an identical multilocus genotype are taken from ramets 

originating from a single genet. This statistic provides further evidence that the suite of 

isozyme loci used is sufficiently discriminating for accurate delineation of clones in Scottish 

aspen populations, moreover, this estimate is conservative as information from the 

screening of Mdh was excluded from the calculation. 

The calculation of Pgen and Pae after Parks and Werth (1993) is based on the 

assumptions that: 1) genotype frequencies correspond to Hardy-Weinberg expectations, 2) 

there is no significant linkage disequilibrium. These assumptions were tested and the 

results are presented in Table 6.3 and Table 5.4. In both cases the restricted subset of 17 

genotypes identified using five polymorphic systems excluding MDH was used in the 

calculation of allele and genotype frequencies. 

Table 5.3. Exact probabilities calculated wing Ha&lane’s exa& test method (Haldane, 19541 
calculated using GENEPOP (Raymond and Rousset, 1995) for testing Hardy Weinberg 
equilibrium. 3 of the 5 loci show no divergence from the Hardy-Weinberg model (p>o.O5). 

Locus Exact P - value 

Pgi-B 1.000 

Got-A 0.022 

pgm 0.001 

6-Pgd-A 1.000 

6-Pgd-B 0.119 
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Genotype frequencies in three out of five of the diagnostic loci were found to correspond to 

Hardy-Weinberg expectations whilst no significant linkage disequilibrium was detected in 

nine out of ten loci pairs - only Pgm x 6-Pgd-A was found to have non-independent 

association of alleles. The Tomnagowhan aspen population generally fulfils those 

conditions necessary to Parks and Werth’s approach though the exceptions should be 

noted. 

Table 5.4 Linkage disequilibrium: exact probabilities calculated using Fisher’s Exact test on 
contingency tables generated by GENEPOP (Raymond and Rousset, 1995). 9 of the 10 loci 
pairs show- no sign&ant linkage disequilibrium USO.05~ 

Locus 1 

Pgi-B 

Pgi-B 

Got-A 

Pgi-B 

Got-A 

PfP 

Pgi-B 

Got-A 

Pgm 

&Pgd-A 

Locus 2 Exact-P 

Got-A 0.304 

Pgm 0.181 

Pgm 0.810 

6-Pgd-A 0.512 

6-Pgd-A 0.254 

6-Pgd-A 0.000 

6-Pgd-B 1.000 

6-Pgd-B 0.912 

6-Pgd-B 0.802 

6-Pgd-B 0.161 

Because Pgen and Pse are based on Hardy-Weinberg expectations and are calculated from 

genotype frequencies it only possible to calculate these values for the restricted subset of 

17 unique genotypes identified without information from Mdh. Table 5.5 presents the 

values of Pgen and Pse for these 17 genotypes. 

All Pgen values are less than 0.05 indicating that there is a greater than 95% chance that 

consecutively sampled trees with identical multi-locus genotypes originate from a single 

sexual event. This is further confirmation that the suite of isozymes used in the 

Tomnagowhan population has sufficient diagnostic power for accurate identification and 

delineation of clones in this population. The great variation in the values of Pgen is due to 

the irregular distribution of rare alleles amongst clones. 
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Table 5.5. Pgen and Pse values calculated for the 17 unique genotypes defined without 
Mdh. It should be noted that genotypes 5 & 8 and 7 & 14 are characterised by 
polymorphisms in Mdh. 

Genotype 

Number 

1 

2 

3 

4 

5+8 

6 

7+14 

9 

10 

11 

12 

13 

15 

16 

17 

18 

19 

Pgen P se 

0.0396 0.005 

0.033 0.176 

0.0012 0.435 

0.0003 0.323 

0.0113 0.288 

0.0315 0.003 

0.0189 0.025 

0.0315 0.336 

0.033 0.420 

0.0227 0.020 

0.0052 0.435 

0.0002 0.420 

0.0198 0.277 

0.0238 0.1757 

0.0012 0.085 

0.0015 0.100 

0.0062 0.497 

Pse is of greater interest and practical use since this probability can be used to inform 

decisions to join or split clones which share an identical multilocus genotype but have a 

disjunct distribution. In 13 of the 19 (17) genotypes Pse exceeds the arbitrary, though 

generally accepted, significance level of 0.05 suggested by Parks and Werth (1993). For 

these genotypes geographically separated groups sharing an identical multilocus genotype 

cannot be assumed to originate from the same clone and should be considered of 

independent origin. For example, Genotype 12 is represented by two distinct groups of 

trees approximately 120m apart, however, the value of Pso for this genotype is greater 

than 0.05 at Pse = 0.085. This value of Pse is sufficiently large for these two groups to be 

considered as two distinct clones each the product of a sexual event. The more westerly 
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group is renamed Clone 20. Similarly in Genotype 16 there is a single outlying tree 

situated deep within Genotype 15. Pse is estimated at Pse= 0.336 suggesting that this 

outlying individual should be considered as a single tree clone of independent origin and 

renamed Clone 21. However although Genotype 17 has a disjunct distribution the 

probability that each group has an independent origin is too low at Pao = 0.020 for these 

two groups to be considered as two independent clones. Similarly in Genotype 18 the 

outlying group of trees cannot be considered an independent clone since Pse = 0.025 @‘se < 

0.05). 

Pse values were used to identify 21 distinct clones within the 4.6 ha. sample area and to 

produce a new map which shows the location and spread of these 21 clones - see Fig. 5.5. 

The approximate area covered by each clone was estimated from Fig 5.5 using a leaf area 

meter. Note that not every tree was sampled within a clone so the number of trees within 

a clone and its area provide only a rough idea of the size of each clone. Table 5.6 shows the 

estimated area of each clone with the number of trees within each clone. The number of 

trees within each clone was extremely variable with clone size varying between 1 and 26 

with the mean at 9.3 (s.d. = 8.51). The area covered by each clone was also highly variable 

from single tree clones covering no measurable area to large clones covering 205m2. Of 

those clones with a calculable area the mean size was estimated at 88m2 (s.d. = 80m2) 

The relationship between clone area and the number of trees within a clone is highly 

significant (p < 0.000). and these two measures of clone size are highly correlated (r2 = 

0.925). 

5.3.3 Genetic diversity statistics. 

On arriving at an estimate of the number of genets within the population a number of 

population diversity measures could then be determined. The mean number of alleles per 

locus (A) was estimated at 2.4, the ,genetic diversity (H) was estimated at 0.386, the 

effective number of alleles (Ae) was 1.629. GIN - the genotypic diversity was calculated at 

21/186 = 0.113. Simpson’s Index (D) was estimated at 0.915. P - the percentage of 

polymorphic loci - could not be calculated since only polymorphic loci were screened. 
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Fig 5.4 The 19 unique multilocus genotypes identified within the sample plot at 
Tomnagowhan Wood, Strathspey plotted. 
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Fig. 5.5 Revised clonal structure map of Tomnagowhan indicating the 21 clones identified 
using a combination of isozyme analysis and probability theory. 
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Table 5.6. The approximate area covered by each clone and the number of trees within each 
wle. 

Clone 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Number of 

trees 

18 

6 

1 

3 

1 

1 

15 

9 

2 

5 

Approximate 

area m2 

205 

27 

112 

40 

38 

Xone Number! Numm;; of ! Apzz;te 

12 6 25 

13 8 25 

14 26 178 

15 25 190 

16 26 196 

17 9 13 

18 14 158 

:: I : I :: 
21 1 I 

5.3.4 Leaf flushing as a phenotypic clonul marker. 

On examining Fig 5.6 it can be seen there is a very clear relationship between leaf 

emergence score and clone. The relationship between leaf emergence score and clone was 

formally tested using the Kruskal-Wallis Test - the non parametric equivalent of the one- 

way analysis of variance (Schefler, 1979; Sokai and Rohlf, 1981). A highly significant result 

was obtained at H = 138.55; p < 0.0001 (corrected for ties) see Table 5.72. The result 

indicates that variation in leaf emergence scores within clones is small relative to variation 

among clones confirming the observed pattern and intimating that leaf emergence (and 

hence flushing date) is a strong phenotypic clonal marker. Leaf flushing colour has also 

been suggested as a clonal marker (Barnes, 1969), however, in Tomnagowhan Wood all 

emerging leaves were coloured a reddish brown. The colour of emerging foliage may be a 

marker that may not lend itself to the “snapshot” approach with the full colour only being 

expressed at a particular stage of leaf emergence. 

2 Please note that since this test is based on the x2 distribution only clones with greater 
than 5 members can be included in the analysis thus accounting for the depleted sample 
size. 
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Fig 5.6 Leaf emergence score (LES) overlaid on the clonal structure of the sample plot of 
Tomnugowhan Woocl. 
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Table 5.7 Results from the K&&al- WaLlis test indicating a highly significant relationship 
between clone and leaf emergence score. 

Total number of trees in analysis 

Total number of clones analysed 

Degrees of freedom 

H-statistic 

P 

5.3.5 Sex Ratio. 

170 

13 

12 

138.55 

<0.0001 

1996 proved to be an unusually good year for aspen flowering, although in 1994 and 1995 

no flowering was noted in Tomnagowhan. Unusual hot dry conditions in the summer of 

1995 may have induced flowering bud formation resulting in widespread flowering 

throughout Strathspey and indeed Scotland as a whole. All mapped and sampled clones 

were surveyed in Mid-May 1996. Within a clone a consistent response to flowering stimuli 

was always observed - all trees either flowered heavily or not at all. The sex of all 

flowering clones is presented on Fig. 5.7. Table 5.8 shows sex ratios calculated on genet 

basis and ramet basis. In only one clone was there inconsistency. In Clone 17 all trees did 

not flower except tree number 141 which was a heavily flowering female. Table 5.8 

excludes this result. 

Table 5.8 The numbers ofgenets and ram&s which were sexed in Spring 1996 and sex ratio 
calculated on a genet and r&met basis. 

Sex 

Numbers 

Percentage 

Ratio 

Genet Ramet 
Male Female Did not Male Female Did not 

flower flower 

10 3 8 108 33 44 

48% 14% 38% 58% 18% 24% 

3.33 male:1 female 3.27 male:1 female 

156 



Chapter Five - Genotypic diversity and clonal structure of an aspen-dominated woodland. 

Fig 5.7 The sex of those clones that flowered in the Spring I996 is overlaid on the clonal 
structure of the sample plot in Tomnagowhan Wood, Strathspey. 
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5.3.6 Sire distribution. 

The distribution of diameter-at-breastrheight in Tomnagowhan is approximately normal - 

see Fig 5.8. There are no very young trees, neither are there very old trees with no tree 

measuring less than 15 cm or greater than 45 cm. The variation in dbh within and among 

clones was investigated using a one-way analysis of variation. Only those clones containing 

more than two ramets were included (N=15). A highly significant result was obtained (F = 

7.24, p < 0.0001) indicating that variation in dbh within clones was small relative to 

variation among clones - see Table 5.9. 

Table 5.9. One-way analysis of variance investigating the variance in dbh within and among 
fsmt?s. 

Source 

among clones 

ramets 

within clones 

Total 

D.F. SS MS F P 

14 2161.3 164.4.8 7.24 c 0.0001 

163 3476.6 21.3 

177 5636.9 

Fig. 5.8 Distribution of DBH in the Tomnagowhun aspen sample population indicating an 
approximately normal distribution and the lack of any young trees and any old trees. 

Frequency Distribution of D.B.H. (cm) 

1520 21-25 31-35 s-40 41-45 

Diameter at breast height (D.B.H.) 5cm size 
classes. 
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5.4 Discussion. 

5.4.1 Clonal diversity and clonal spread. 

The primary aim of this study is to determine the genotypic diversity and clonal structure 

within a representative semi-natural native aspen woodland to inform guidelines for the 

establishment and management of new aspen woodlands and the expansion of existing 

woodlands. Such results as are obtained in this study are therefore of value as absolute 

measures of genotypic diversity and do not require to be set within a comparative context 

as, for example, the results of the study of genetic variation within and among populations 

described in Chapter Four. This is indeed fortunate as no such context presently exists. 

From 198 trees sampled in an area of 4.6 ha a total of 21 discrete clones were identified 

and mapped. These findings challenge the widely held view among foresters, frequently 

heard in the course of this study, that aspen stands have a very limited genotypic diversity 

with a very simple genetic structure. The sampled plot within Tomnagowhan Wood has 

high genotypic diversity and presents a complex clonal pattern. 

In sampling Tomnagowhan Wood some areas were sampled more intensively than others. 

In areas of high ramet density, for instance around Clone 15, every third ramet was 

sampled rather than every second ramet as in the rest of the sample area. This was done 

to reduce within-clone sampling in large clones and therefore save time and resources. In 

doing so an unconscious bias was introduced. Around Clone 15, where ramet density was 

highest, the probability of detecting small clones (~3 ramets) was decreased by one-third 

compared to the probability of finding small clones in the other areas (assuming an equal 

distribution of small clones across the sample area). However, such bias as may have 

entered this survey could only have resulted in a more conservative estimate of genotypic 

diversity and would not have affected the conclusions stated above that Tomnagowhan 

Wood is much more genotypically diverse than expected and that a complex clonal pattern 

is present. However, in retrospect an equal sampling effort should have been employed 

accross the entire site. 
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5.4.2 Plotting and Delineation of clones. 

The identification, delineation and mapping of clones is based on the assumption that 

trees sharing an identical multilocus genotype share a common origin and hence belong to 

the same genet. Very few studies of clonal spread attempt to estimate the probability that 

this fundamental assumption is true (Widen, Cronberg and Widen, 1994). It is entirely 

convincing to suggest that two trees with differing multilocus genotypes originate from 

different genets. However it is not, on the other hand, quite so convincing to suggest that 

two trees sharing an identical multilocus genotype originate from the same genet if the 

variation within the loci screened is extremely low. Clearly methods are required which 

provide an estimate of the probability that two ramets sharing an identical multilocus 

genotype originate from the same genet. Three methods were employed in this study. 

The first and, surprisingly, the most widely used method (Cheliak and Pitel, 1984a; 

Breitenbach-Dorfer et al. 1995; Parker and Hamrick, 1992) merely calculates the maximum 

number of multilocus genotypes that could theoretically be obtained from the permutations 

and combinations of all loci found - see Equation One. If the number of genotypes actually 

found is similar to the number of genotypes that theoretically could be found then clearly 

insufficient diagnostic isozyme loci were used. However beyond such crude comparisons this 

method is of little use except to get a ‘feel’ for the discriminatory power of the suite of 

isozymes used. 

The method developed by Aspinwall and Christian (1992) provides an estimate of the 

mean probability that trees sharing an identical multi-locus genotype originate from the 

same clone. This probability is calculated using genotype frequencies as empirically derived 

probabilities multiplied together using the Product Rule. Pmean provides a precise 

measure of the diagnostic power of a suite of isozymes for a given population. In the 

Tomnagowhan population Pmean was estimated at 0.951 i.e. there is, on average, a 

greater than 95% chance that two trees sharing an identical multilocus genotype belong to 

the same genet. Despite the allusion to a statistical test this approach merely provides a 

measure of confidence in the diagnostic power of the suite of isozyme loci used rather than 

a significant/non-significant answer. However, such a high value of Pmean suggests that 

the isozymes systems developed and used in this study have sufficient diagnostic power for 
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the task of clonal identification. This is despite a comparatively low number of diagnostic 

loci c.f. Jelinski and Cheliak (1992) but is consistent with the findings of Aspinwall and 

Christian (1992) who found that five or more diagnostic loci generally give Pmean values of 

between 0.90 and 1.00. 

Pmean is an average value calculated for all ramets with a notional attached variance (not 

calculated) the magnitude of which will vary on the distribution of rare alleles amongst 

genets. The probability that two ramets each possessing a multilocus genotype comprised 

of only extremely common alleles having a common origin will be much lower than the 

probability that two ramets each possessing a multilocus genotype comprised of only very 

rare alleles have a common origin. This method is of little use in answering specific 

questions where distinct groups of trees share identical multi-locus genotypes but are 

geographically remote. The third method, devised and employed by Parks and Werth 

(1993), is the most sophisticated and allows such questions to be addressed. 

Parks and Werth provide equations for the calculation of two precisely defined probabilities 

for each multi-locus genotype. This is important as the confidence in clone identification 

will vary with the possession of common or rare alleles in each multi-locus genotype. The 

first probability Pgen enables the diagnostic power of the suite of isozymes used in 

identification of clones to be evaluated. The second probability PSe is the most useful and 

represents the real advance on Aspinwall and Christian’s method. Pse provides an 

objective basis on which to make decisions to split or join widely spaced groups of trees 

sharing the same genotype. Indeed it allows more clones than genotypes to be identified. 

Both probabilities are not directly calculated from allele frequencies, rather, Hardy 

Weinberg expectations are incorporated into their calculation. By incorporating genetic 

considerations and calculating probabilities on an individual genet basis much more 

information can be extracted from the data. In this study 19 distinct multilocus genotypes 

were initially identified, the calculation of P ae allowed a further two clones to be identified 

and delineated raising the clonal diversity to 21. 

Of the three methods of evaluating the diagnostic power of the suite of isozymes used 

Parks and Werth’s (1993) is the most useful and should be routinely used in such 

populations when the necessary assumptions can be fulfilled. It should be noted that this 

may be infrequent as clonal populations oRen diverge from Hardy Weinberg expectations 
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and exhibit significant linkage disequilibrium (Cook, 1983; Heywood, 1991). In these cases 

Aspinwall and Christian’s method should be used which requires no such assumptions and 

still constitutes a significant advance on the limited method of Cheliak and Pitel(1992). 

5.4.3 Clone strategy and pattern. 

Two main archetypal strategies have been identified and described for clonal plant species 

(Louvett Doust, 1981; Silander, 1985). “Phalanx” clones form a discrete closed pattern 

impenetrable to other clones though often abutting directly onto adjacent clones. 

“Guerrilla” clones maintain no single position but infiltrate neighbouring clones and spread 

throughout the population. The “phalanx” strategy is often adopted by species found in the 

later stages of succession whilst “guerrilla” species are often found in the early stages of 

succession (Widen, Cronberg and Widen, 1994). These two strategies form the extremes of 

a continuum with many species exhibiting elements of both. The aspen population of 

Tomnagowhan would appear to fall much closer to the “phalanx” end of the continuum 

though there is some limited interdigitation and many single tree clones. In this respect P. 

tremula is similar to P. tremuloides where patterns of clonal growth exhibiting the 

“phalanx” strategy have been widely found in North American studies of clonal spread 

(Baker, 1921; 1925; Barnes, 1966; 1969; Blake, 1963; Kemperman and Barnes, 1976) 

though, for the most part, these studies have used only phenotypic markers to identify and 

delineate clones. 

The view, widely held among foresters, that aspen stands are comprised of single extensive 

clones is refuted by these findings. There is no “typical” pattern of clonal spread as the 

area of each clone and the number of trees within each clone varies widely from single-tree 

clones to multi-tree clones containing up to 26 trees covering c.0.2ha. Indeed the pattern of 

clonal spread in Tomnagowhan is similar to that found in Frasnes, Belgium (Culot et 

aZ.unpub.) inasmuch as there is a wide variety of clone sizes and clonal spread patterns. 

There is no evidence from this study or indeed from the investigation of genetic variation 

within and between populations - see Chapter Four - that large widespread clones covering 

many tens of hectares are a feature of the biology of P. tremula in Scotland as they can be 

in P. tremuloides in parts of North America (Kemperman and Barnes, 1976). 
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5.4.4 Genotypic Diversity, 

There are few meaningful comparisons that can be made between the genotypic diversity 

found in the Tomnagowhan aspen population with other populations of P. tremula. No 

other studies have been published which identify and delineate aspen clones on this scale. 

There exists only one study of clonal spread of P. tremula in Belgium although the extent of 

this study is extremely limited. Surprisingly isozyme analysis has not been widely used to 

investigate clonal spread in P. tremuloides though there have been a number of studies 

using phenotypic characters to map the extent of aspen clones (Barnes, 1966, 1969; Blake, 

1963; Kemperman and Barnes, 1976). Only Mitton and Grant (1980) have investigated 

interdigitation among P. tremuloides using isozymes. 

Genotypic diversity in plant species has been reviewed by Ellstrand and Roose (1987) and 

by Widen, Cronberg and Widen (1994). Both sets of authors highlight the unexpectedly 

high genetic variation found within clonal plant populations often approaching that of 

sexual plant species (Hamrick and Godt, 1989; Hamrick et aZ.1991; Hamrick, Mitton and 

Linhart, 1981; Parker, 1979). However meaningful comparisons between the results of 

this study and reviews (Ellstrand and Roose, 1987; Widen, Cronberg and Widen, 1994) 

cannot be made since both sets of authors neglect to categorise the species they reviewed 

into ecologically similar categories following, for example, the approach taken by Hamrick 

and Godt (1989) and Loveless and Hamrick (1984). 

There are two possible origins of genetic variation in clonal plant populations; mutation 

and sexual recruitment. Mutation is the origin of all variation although this process 

operates at an inappropriate time scale to that under consideration. The probability of 

unique genotypes originating primarily from mutation events being detected using the suite 

of five polymorphic markers is exceedingly low. The number of novel genotypes arising from 

mutation that could theoretically be detected can be crudely estimated as follows: 

Nngm=Ns.Nm.G.p=0.691 

where Nngm is the number of detectable novel genotypes arising primarily from mutation, 

Ns is the number of ramets screened (192), Nm is the number of marker loci screened (5), G 

is an estimate of the potential number of generations since colonisation (450), and p is the 
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isozyme locus mutation rate as estimated by Mukai and Cockerham (1977) (1.6 x lo-% 

Such a low expected number of novel genotypes originating from somatic mutation supports 

the assertion that all genotypic variation detected in Tomnagowhan wood originates from 

sexual reproduction. 

All clonal plant populations are originally derived from sexually produced propagules even 

though sexual reproduction and/or seedling establishment may be rare in the present day 

(Ellstrand and Roose, 1987; MacDonald and Lieffers, 1991; Jelinski and Cheliak, 1992). 

Without further sexual recruitment the genotypic diversity within a population should 

theoretically drift towards fixation with only a single clone predominating in any area 

(Parker, 1979; Janzen, 1977; Eriksson, 1993a). This is not the case for most clonal 

species as genetic variation is maintained at levels comparable with sexual species 

(Hamrick and Godt, 1989; Hamrick et al. 1991; Hamrick, Mitton and Linhart, 1981; Parker, 

1979). 

The amount of genotypic variation in any clonal plant population is controlled by two 

processes; the rate of erosion of genotypic variation from ecological and stochastic events; 

and the rate of introduction of genotypic variation through sexual recruitment. There are a 

number of adaptations possessed by many clonal species that minimise the rate of loss of 

variation. These include:- the ability to continuously produce new ramets allowing a genet 

to have an almost infinitely longer life span than a single ramet; the physical connections 

between ramets may maintain genet diversity by buffering against local patch-specific 

selective forces (Widen, Cronberg and Widen, 1994); physiologically independent ramets 

spread the risk of mortality amongst ramets - as the genet increases in size the probability 

of genet death greatly reduces (Cook, 1983; Widen, Cronberg and Widen, 1994; Janzen, 

1977); the foraging behaviour of many cional species allow them to identify suitable 

habitats and escape competition (Widen, Cronberg and Widen, 1994). 

As the rate of loss of genotypic variation is reduced by these features of clonal plant biology 

maintenance of genetic variation requires only a similarly low rate of sexual recruitment 

(Widen, Cronberg and Widen, 1994; Ellstrand and Roose, 1987). Indeed theoretical 

models suggest that even an extremely low rate of seedling establishment into a clonal 

population is sufficient to maintain genotypic diversity (Eriksson, 1993a). 

164 



Chapter Five - Genotypic diversity and clonal structure of an aspen-dominated woodland. 

In the western Great Plains of North America establishment of P. tremuloidea seedlings is 

thought to occur only very rarely (Baker, 1925; Moss, 1938; Cottam, 1954; Barnes, 1966; 

Einspahr and Winton, 1976; McDonough, 1985), however high levels of genetic variation 

are maintained (Hyun, Rajora and Zsuffa, 198713; Lund, Furnier and Mohn, 1992; Cheliak 

and Dancik, 1982; Jelinski and Cheliak, 1992; Cheliak and Pitel, 1984a). Jelinski and 

Cheliak (1992) attribute the maintenance of variation to two main factors:- the particular 

biology of aspen which exhibits many of the features of clonal plant species that enable 

considerable endurance of clones; and the episodic establishment of seedlings in ‘windows 

of opportunity’ ( Krasny and Johnson, 1992). Existing clones of P. tremuloides are thought 

to be thousands of years old dating back to the end of the last glaciation (Barnes, 1975; 

Kemperman and Barnes, 1976; Cheliak and Dancik, 1982; Cook, 1985), their great age 

and their endurance is due to those features of clonal plant biology described above such as 

the continual production of ramets from root suckers, inter-ramet root connections (DeByle, 

1964; Barnes, 1966), and large genets which spread the risk between many ramets 

(Kemperman and Barnes, 1976). However the many changes in climate and in 

environmental factors in the 8,000 years since their hypothesised establishment must have 

resulted in large numbers of clones being lost. The present high levels of variation must be 

due to some seedling establishment although reports of this are scarce. The successful 

production and establishment of seed in P. tremuloides in the Great Plains area is 

associated with periods of moist conditions which occur only periodically and must also 

coincide with an absence of competition and provision of suitable substrate. Such 

conditions only occur together very rarely providing a so-called “window of opportunity” 

when seedlings can become established and inject new genetic variation into the 

population. 

The relatively high levels of genotypic variation in P. tremula in Tomnagowhan wood are 

likely to be as a result of similar processes that occur in P. tremuloides described by 

Jelinski and Cheliak (1992). P. tremzh shares many of the same features of clonal growth 

with P. tremuloides which may enable clones to endure for centuries. P. tremula is reputed 

to produce seed only very rarely (Boluski, Brodie, personal communication Jobling, 1990; 

Worrel 1995a) and requires specific, though infrequent, conditions for successful 

establishment (see Chapter Two). Widespread flowering and pollination are associated 

with hot dry conditions in July at the time of bud initiation (J. Philipson personal 

communication). Such conditions only occur very rarely in modem day Scotland although 
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July 1995 was exceptionally hot and dry resulting in heavy flowering and widespread seed 

production in Spring 1996. The reproductive biology of P. tremula is very similar to that 

described by Jelinski and Cheliak (1992) for Albertan populations of P. tremuloides, it is 

likely that the same “window of opportunity” hypothesis may equally describe the pattern 

of regeneration in Scottish aspen populations and account for the maintenance of genetic 

diversity. 

5.4.5 Leaf flushing as a potential phenotypic clonul marker. 

Phenotypic clonal markers provide a method for woodland managers, without access to 

sophisticated genetic means, to gauge the amount of genotypic variation within their aspen 

woodland or local aspen population. This is particularly important when collecting root 

material for the production of planting stock by vegetative means. Any collection 

programme for an area should seek to optimise the number of genotypes collected and this 

requires accurate identification of clones. This may be relatively straightforward with 

clearly defined and separate clones but in large aspen stands, where genotypic diversity 

has been shown to be high, this is not so easy. 

The variation in leaf emergence scores within clones is very small compared to that 

amongst clones indicating that flushing date is a very good phenotypic clonal marker. On 

inspection of Fig. 5.6 it can be seen that Clone 1 and 2 are very easily differentiated from 

each other, similarly Clone 16 and 18, 17 and 20, 11 and 12, 3 and 4, and 14 and 16. 

However there are a few cases where leaf emergence score cannot differentiate clones - 

Clones 14 and 20 are adjacent but both share the same leaf emergence score, as do Clones 

2 and 3, 7 and 9, and 15 and 21. In these cases leaf emergence score is of no value in clone 

identification. It is interesting to note that the Leaf Emergence Scores for the two 

geographically distinct though genotypically identical parts of Genotype 12 (Fig. 5.4) 

differed, thus vindicating the decision, based on Pse, to identify these two groups as 

independent clones 12 and 20 

The diagnostic power of the leaf emergence scoring system is much reduced compared to 

that of isozyme analysis and this is to be wholly expected. There are 972 potential multi- 

locus genotypes that could have been obtained with the suite of isozymes used in this study 

but only five leaf flushing categories (LES). The use of categories to quantify a continuous 
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process such as leaf flushing necessarily telescopes the natural variability in this character 

into a few categories. Early flushing clones scored at LES 5 may have fully flushed newly 

or may have been fully flushed for upwards of a week. Similarly late flushing clones scored 

at LES 1 may begin to flush in one day or in 2 weeks. In both cases LES is a poor measure 

of leaf flushing date. 

This ordinal method was adopted to allow a “snapshot” approach - that all trees could be 

scored for the character in one day and was adopted due to resource constraints. Constant 

monitoring of an aspen population over the three to four weeks when flushing occurs would 

allow all variation in leaf flushing date to be recorded. This would greatly increase the 

diagnostic power of leaf flushing date as a phenotypic clonal marker. 

5.4.6 Sex Ratio. 

In his review of European aspen Worrell (1995b) notes that sex ratios vary considerably 

throughout continental Europe. In Northern Italy (Gramulglio, 1962 cited in Worrell 

(1995b)) a male:female ratio of 2.5:1 was reported though this reduced to 1:l ratio in 

southern and central populations. Powell (1957) reports a 2:l ratio of males to females in 

Norway, whilst in the Caucasus (Volkovitch 1983 cited in Worrell (1995b) a 1:l ratio was 

found. In general more northerly populations are reported to have more male biased sex 

ratios. 

In common with all Scottish aspen populations surveyed in 1996 (Worrell, Shearer, 

Boluski, personal communication) the Tomnagowhan aspen population was found to be 

male biased. However, the ratio determined in Tomnagowhan was more heavily male 

biased than any reports in the literature or reported from observations throughout 

Scotland, this perhaps due to the small sample size, only 21 clones, in the Tomnagowhan 

population. In a more comprehensive study of sex ratio in Strathspey over 123 clones 

described in Chapter Two 57 male putative clones were found compared to 34 female 

putative clones giving a ratio of approximately 1.6:1. This agrees with ratios determined in 

Sutherland and Strathspey (Boluski, Worrell, personal communication) 

Sex can also be used as a phenotypic clonal marker although the rarity of flowering in 

Scottish populations prevents widespread and routine use. In all cases, with one 
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exception, sex was consistent with the clonal pattern uncovered using isozyme analysis 

and with flushing score further confirming both the accuracy of clone identiiication using 

isozyme analysis and the power of leaf flushing score as a phenotypic clonal marker. Only 

in Clone 17 was a discrepancy noted. All trees in this clone were scored as LES 1 or 2 

except tree 141 which was scored as Leaf Emergence Score 4. All trees in this clone 

produced no flowers except tree 141 which was a heavily flowering female. There is some 

evidence to treat this single tree as an independent clone and may provide an example 

where leaf emergence score and sex identify discriminate between two clones where 

isozymes do not. 

5.4.7 Size Distribution. 

The distribution of diameter-at-breast-height in Tomnagowhan Wood is very close to 

normal and is consistent with studies of dbh distribution in stands of P. tremuloides in 

North America (Krasny and Johnson, 1992). In some populations of P. tremuloides 

establishment is episodic occurring in so-called “windows of opportunity” where conditions 

for plentiful production of seed coincide with suitable site and weather conditions for seed 

establishment. Similar ‘windows of opportunity’ can also occur when grazing pressure is 

relaxed for a short period allowing widespread regeneration of ramets from root suckers 

within a restricted period of time. Both sexual and asexual ‘windows of opportunity’ result 

in pulses of regeneration producing cohorts of trees of similar size and age with periods of 

limited regeneration following. The P. tremula population in Tomnagowhan appears to 

follow the asexual ‘window of opportunity’ regeneration model. Analysis of variance 

indicates that variation in dbh within clones is small relative to variation in dbh among 

clones. Trees within a clone are all much the same size and consequeutly much the same 

age which fits with the “windows of opportunity” model. The significant differences in 

mean dbh amongst clones may reflect heritable variation in growth rate as would perhaps 

be expected among any clonal species though it may also reflect local responses to 

environment, particularly soil conditions. Trunk boring and dating of all trees would yield 

much interesting information on the variation in ramet age within a clone. 

The size distribution evident in Tomnagowhan is indicative of a woodland where little 

natural regeneration is taking place. Such a distribution is, sadly, common in many of 

Scotland’s natural/semi-natural native woodlands. The use of Tomnagowhan for stock 

168 



Chapter Five - Genotypic diversity and clonal structure of an aspen-dominated woodland. 

shelter and grazing and the significant populations of red and roe deer, hare and rabbits in 

the area prevent any growth of the abundantly produced root suckers past 2-4cm. 

An estimate of when the last pulse of regeneration took place can be made by estimating 

the age of the clone with the smallest mean dbh. Both MacGowan (1992) and Powell 

(1957) have provided dbhJage relationships for aspen which agree with each other very 

closely - see Worrell (1995a). Both authors base their relationships on sample trees from 

Strathspey around the area of the present study. The clone with the smallest mean 

diameter is Clone 18 with a mean dbh of 22 cm. The estimated age for this clone based 

on the dbh/age relationship is between 50-55 yeas old. The last significant natural 

regeneration may have occurred around the Second World War where significant land use 

changes may have resulted in a break in heavy grazing thereby opening a ‘window of 

opportunity’ and allowing numbers of aspen clones to regenerate. The pressures to 

produce food may have reduced stock numbers, and also reduced the populations of hare, 

rabbit and deer as the country dwellers supplemented their rations with game. The post- 

war increase in farming intensity and increasing deer numbers may have prevented any 

regeneration subsequently. 

5.4.8 ConcZusions. 

l The suite of isozyme systems used in this study provide accurate and efficient clonal 

markers with which to estimate genotypic diversity and identify clones. 

l Genotypic diversity is higher than may have been expected, 21 clones were found 

within an area of 4.6 ha. 

l Genotypic structure is heterogeneous with a mixture of large “phalanx” clones, small 

“phalanx” clones and single tree clones spread throughout the sample area. There is 

only limited interdigitation. 

l Leaf emergence score (LES) was shown to be reasonable phenotypic clonal marker. 

Modification of the scoring technique may provide a more efficient technique and 

increase the diagnostic power. 

l Sex ratio was estimated in Tomnagowhan Wood at 3.33 males :l female from 21 

clones. An estimate of sex ratio from a larger sample throughout Strathspey found 1.6 

males:1 female. 
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l The distribution of dbh in the Tomnagowhan sample plot indicates that regeneration 

may occur in pulses or “windows of opportunity” when grazing pressure lifts for short 

periods and large numbers of suckers can establish within a short time period; 

l The age of the smallest clone was estimated at 50-55 years thereby dating the last 

pulse of regeneration to the Second World War when changes in land use may have 

resulted in local reductions in grazing pressure. 
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Chapter Six - Genotypic Diversity in the Native Aspen (Populus 

tremula L.) Population of Orkney. 

6.1 Introduction. 

The current interest in Scottish native woodlands and the growing appreciation of their 

ecological and cultural importance to our natural heritage extends throughout the whole of 

Scotland including some regions where native woodlands have previously had a limited 

profile. One such area is Orkney which has never been renowned for its woodlands in 

modem times and is generally, though mistakenly, regarded as a blasted, almost treeless 

landscape. However, Orkney does possess native tree populations and there is 

considerable growing interest in them as evidenced by the production of the Orkney Native 

Tree Conservation Strategy (Taylor, 1995). 

The tree populations of Orkney are of particular interest due to the extreme climatic 

conditions to which they are subject and also because they constitute the north-western 

limit of the range of many Old-World boreal tree species such as Corylus aueZZanu L. and 

Sorbus aucupuria L. However the extent of tree cover on Orkney is extremely limited being 

restricted to a single small woodland at Berriedale, Hoy and isolated small groups of a 

restricted range of species spread out across the islands at low density (Chapman and 

Crawford, 1981). The limited nature of the Orkney native tree resource accords existing 

populations exceptionally high conservation value. However, the small size of many of the 

groups of native trees on Orkney renders them vulnerable to loss through fire, grazing, pest 

or pathogenic attack or any other stochastic event. There is, consequently, a requirement 

and intention to extend the present woodland cover on the islands to decrease the risk to 

any of these populations from natural or anthropogenic disturbance and to secure these 

valuable populations for the future (Taylor, 1995). 

Berriedale Wood is Britain’s most northerly native woodland at 58O 54’ and has a unique 

character. Because it is the only native woodland on Orkney it has extremely high 

conservation status not just for the tree species that occur in it but because of the 

associated flora and fauna that inhabit this small island of woodland habitat. 
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Fig. 6.1 Berriedale Wood, Hoy. Aspen in the foreground, mixed willow and birch in the 
middle ground and heather moorland extending to Rackwick Bay in the background. 

It is situated in a south-easterly facing gully on Hoy and is comprised of Betulapubescens 

Ssp. oderifera (Bechst) S. F. Warburg, Sorbus aucuparia L., SaZix aurita L., Salk 

atrocinerea Brot., Corylus avellana L., Juniperus communis ssp. nana L., and Populus 

tremula L (Chapman and Crawford, 1981). Elsewhere isolated individuals of these species 

are sparsely distributed across the islands in gullies and other sheltered locations where 
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grazing is minimal. Many representatives of Orkney’s native species are extremely small 

and stunted with only aspen reaching any stature (5-7 m. in height). 

The woodland at Berriedale is thought to be a relict of a once more-continuous and 

widespread woodland covering much of Orkney (Chapman and Crawford, 1981; Keatinge 

and Dickson, 1979) composed of the species presently found in Berriedale but also 

containing holly (ZZexaquifoZium.), (Keatinge and Dickson, 1979; Moar, 1969) and possibly 

alder (Alnusglutinosa (L.) Gaertn). The pollen record indicates that much of Orkney’s 

woodlands had declined by c. 5000 BP though the precise reason for this decline is open to 

speculation. The date of woodland decline on Orkney certainly matches a period of local 

climate change resulting in increased wind speed and perhaps increased salt spray. 

However, around this period Neolithic man colonised Orkney and could well have 

contributed to the decline of woodland on the islands through slash and bum agriculture 

(the date of the earliest evidence for Neolithic man’s presence on Orkney is 4800 BP at the 

Knap of Howar, Papa Westray (Ritchie quoted in Chapman and Crawford (1981)). The 

precise reason or reasons for the decline of woodland on Orkney are still a matter of 

conjecture and further research is clearly required. However, it is indisputable that past 

woodland cover was much higher than at present. 

The present potential for tree growth in Orkney is clear as the Forestry Commission’s study 

of the potential for forestry indicates (Towers and Futty, 1989). Indeed there exists a 

small number of Forestry Commission research plots on Hoy containing Pinus contorta 

Dougl. var Zatifolia, P. syluestris L., P. uncinata Mill. ex Mix-b., Picea sitchenis (Bong.) Carr., 

P. omorika (Pancic) Parkyne, Larix kaempferi (Lamb.) Carr., Abiesprocera Rehd. and Tsuga 

heterophylla (Raf.) Sarg. which are generally successful although they have suffered from 

periodic fire damage (MacDonald, 1967). A range of introduced broadleaved trees can be 

found on farms and in gardens across the islands indicative of the latent potential for tree 

growth (Chapman and Crawford, 1981). Indeed Chapman and Crawford (1981) conclude 

that the natural regeneration evident in Berriedale supports their assertion that grazing 

pressure and the activities of Man have contributed to the loss of woodland rather than 

climate change, and that native woodland establishment and growth is not limited by 

present climate . 
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The natural regeneration of woodland on Orkney, although, by far, the preferred method of 

establishment of new native woodland (Rodwell and Patterson, 1994; Soutar and Spencer, 

19911, is limited by the lack of suitable nearby stands to provide the necessary seed 

sources (Chapman and Crawford, 1981). Whilst regeneration and expansion of Berriedale 

may be achieved by management for natural regeneration, new native woodlands in the 

rest of Orkney will require to be planted. However, an important objective of the Orkney 

Native Tree Strategy is that, where possible, only planting stock derived from existing 

Orkney populations will be used. This is prescribed to maintain the ‘genetic integrity’ of 

the Orkney populations of native species following accepted models of best practice for the 

establishment of new native woodlands (Rodwell and Patterson, 1994; Peterken, 1996). 

Many of the native species on Orkney such as downy birch, rowan and the various willows 

regularly produce seed which can be collected and propagated to produce suitable planting 

stock (Prescott, personal communication.). However, aspen, one of the more abundant of 

the native species of Orkney, rarely produces seed on mainland Scotland (Worrell, 199513) 

and almost never produces seed on Orkney (Prescott; Taylor; McTeague, personal 

communication) rendering it effectively asexual . As a consequence, aspen planting stock 

must be produced asexually by the vegetative propagation of root suckers (Hollingsworth 

and Mason, 1991). Whilst this method can produce high quality planting stock it 

necessarily limits the genetic variation within the newly established population to that 

extant within the population from which the root material was collected. 

The aspen population of Orkney is at much lower density, is much more fragmented and 

occupies an even-more marginalised niche than mainland Scottish populations (Chapter 

Two). In such small relict island populations it is likely that genetic variability is much 

restricted compared to larger mainland populations due to the twin processes of genetic 

drift and inbreeding (Charlesworth and Charlesworth, 1987; Lacy, 1992; Rieseberg and 

Swensen, 1996; Primack, 1993; Hamrick and Godt, 1989). Moreover, in a species which 

rarely undergoes sexual reproduction in the more southerly and clement climes of mainland 

Scotland the likelihood of sexual reproduction in the Orkney aspen population is extremely 

small. This limits the genetic, and more importantly, the genotypic diversity within the 

population to those few clones presently extant - notwithstanding occasional gene flow from 

mainland Scotland. With aspen at low density in Orkney the number of genotypes within 

the population may be very limited. Findings from a study of genotypic diversity within a 
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single semi-natural aspen woodland in Strathspey show a higher-than-expected number of 

clones within a small area - twenty one clones were found in approximately five hectares 

(see Chapter Five). New native woodlands should mirror, as closely as possible, natural 

authentic native woodlands (Rodwell and Patterson, 1994). However, there may be 

insufficient genotypes on Orkney to establish new native woodlands with levels of genolypic 

diversity comparable to those found in natural mainland populations. 

Moreover, the establishment of new native woodlands using stock derived from a 

population of limited genetic and genotypic variability may have consequences for the long 

term ‘health’ of these woodlands. Small island populations with restricted genetic 

variation are more prone to extinction than larger, more diverse populations simply because 

they lack the ability to evolve in response to changing circumstances (Hamrick and Godt, 

1996; Rieseberg and Swensen, 1996; Huenneke, 1991). Similarly, forestry plantations 

comprised of few clones are inherently more prone to pest and pathogen attack than 

plantations comprised of many clones (Libby, 1982; Goodman, 1975). Indeed in a species 

such as aspen, which is exceptionally susceptible to poplar bacterial canker Xanthomonas 

populi (Jobling, 1990) amongst other diseases, it is very important to establish new 

plantations which contain large numbers of clones. As has been pointed out by Libby 

(1982) genotypic diversity is the only defence against pathogen and pest attack in species 

where screening for resistant clones has not been carried out i.e. most British native 

species. 

Where extremely low numbers of genotypes exist within a relict population and where some 

expansion of the population is desirable i.e. the re-establishment of new native woodland, 

it may be prudent to introduce new genotypes from nearby, similarly-adapted populations 

to increase the genotypic diversity and thereby reduce the long term risk from pest and 

pathogen attack (Rieseberg and Swensen, 1996; Libby, 1982). Indeed the risk from pest 

and pathogen attack will increase with increased density (McNabb, Hall and Ostry, 1982; 

Lorimer, 1982). The introduction of new genotypes to bolster the genotypic diversity within 

the new population is clearly at odds with the widely - and tacitly - accepted conservation 

objective to use only locally-derived planting stock. The long term ‘health of the population 

must be balanced against the ‘genetic integrity’ of the population. To do this requires an 

objective measure of the genotypic diversity and genetic variability within the existing relict 
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population and an appreciation of the importance and issues surrounding the conservation 

imperative to maintain genetic integrity. 

The genetic variability and genotypic diversity are estimated within the Orkney aspen 

population using a suite of isozyme markers successfully developed for, and used to, 

estimate genetic diversity in Scottish mainland aspen populations (see Chapter Four) and 

extended to estimate genotypic diversity in a large semi-natural aspen woodland in 

Strathspey (see Chapter Five). In both cases the suite of isozyme markers provided a 

relatively inexpensive and quick method of accurately and efficiently estimating genetic 

variability and genotypic diversity. However, the diagnostic power of a suite of isozyme 

markers depends on the genetic variation within the population rather than any inherent 

qualities of the suite of markers. As has been previously argued there exists the potential 

in such a small island population as the Orkney aspen population for comparatively 

reduced genetic variation with the further potential of limited diagnostic power and hence 

accuracy of clone identification of the suite of markers. It is essential before the suite of 

isozyme markers are used for clonal identification that the diagnostic power of the suite in 

this population is evaluated. This is done using the method of Parks and Werth (1993) as 

recommended in Chapter Five. 

The genotypic diversity of the Orkney aspen population is considered within the context of 

the available literature on the ‘safe’ number of clones to be used in clonal plantations and 

‘best practice’ in clonal forestry to inform a judgement on whether there are sufficient 

numbers of clones within the Orkney aspen population from which to establish new native 

woodlands with a substantial aspen component or whether it would be prudent to 

introduce some clones from the Caithness or Sutherland aspen populations. 

The identification of aspen genotypes on Orkney will allow an inventory to compiled 

showing the location and the multi-locus genotype of each aspen clone. This will be useful 

in the collection of root material from which to propagate aspen planting stock as it will 

allow optimal genotypic diversity to be collected with the minimum of clone duplication. 
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The aims of this study are therefore threefold:- 

. to derive an estimate of genotypic diversity within the Orkney aspen population on 

which to base an evaluation of whether there are sufficient clones to ‘safely’ establish 

new native woodlands containing a substantial aspen component; 

l to investigate the genetic variability within the Orkney aspen population to determine 

whether this population is genetically depauperate in comparison to Scottish mainland 

populations - estimation of genetic variability is essential for the evaluation of the 

diagnostic power of the suite of isozyme markers 

l to produce an inventory of aspen clones on Orkney to allow efficient collection of root 

material from all clones on the islands to maximise genotypic diversity in the planting 

stock population. 

6.2 Methods. 

6.2.1 Aspen distribution. 

The distribution of Orkney’s native trees has been surveyed by members of the Orkney 

Native Tree Group. This group has collected records from local naturalists, SNH species 

files and from members of the group; locations and distribution maps are presented in the 

Orkney native tree conservation strategy prepared for the group (Taylor, 1995). Locations 

are presented on Fig 6.2. 

Aspen has only been recorded on only three of the Orkney islands; Mainland, South 

Ronaldsay and Hoy - all southern islands. Some of the small uninhabited islands in Scapa 

Flow are thought to have small numbers of aspen present though this has never been 

confirmed. Most of Orkney’s aspen population is on Hoy. Hoy is unique in the Orkney 

archipelago in both topography and in history of land-use as it is the hilliest of Orkney’s 

islands with large areas of unimproved deep peat and consequently been subject to much 

less intensive farming. The many small ravines and gullies throughout the northern hillier 

part of Hoy are inaccessible to grazing animals and provide a refuge for aspen. Moreover 

Hoy contains a large proportion of the land identified by the Forestry Commission as having 

some potential for tree growth (Towers and Futty, 1989). 
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Fig 6.2 Aspen locations on Orkney as surveyed by the Orkney Native Tree Group. 
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Britain’s most northerly native woodland - Berriedale Wood - is on Hoy. situated within a 

steep sided gully and dominated by aspen (Chapman and Crawford, 1981). Indeed the 

largest aspen on Orkney are found in Berriedale growing to 5-7 m. Outwith the gullies and 

ravines of north Hoy aspen is mostly found on the coast with large groups of small trees 

spread along cliffs and bluffs. The aspen growing on these cliffs are subject to large 

amounts of salt spray and exposure but are safe from grazing and browsing. The are 

consequently small and often stunted. There are only two aspen sites outwith Hoy, 

Waulkmill Bay on the Mainland and at Hoxa on South Ronaldsay, both sites are coastal 

with very small aspen clinging to cliff faces and spreading along the cliffs by root suckers. 

Fig. 6.3 Typical Orkney aspen with stunted form, Hoy. 
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6.22 Collection of Samples. 

A total of fourteen records of aspen have been collected on Orkney; twelve of these records 

consist of small groups of aspen on Hoy with one group on Mainland and one on South 

Ronaldsay. All of the groups were visited and sampled over two days. From each group a 

representative number of trees were sampled from throughout the extent of the group. In 

the case of coastal groups trees were sampled at regular intervals along the coast. At 

Berriedale, two groups of aspen can be discerned, both these groups were sampled 

intensively and labelled separately. Each sampled tree was marked with forestry paint to 

identify the source of the sample and allow return for future collection of root material. 

The collection, storage and transport of samples was carried out following the protocols 

developed and used in studies of genetic variation in Scottish aspen populations - see 

Chapters Four and Five. Samples were collected on 23-2&h May 1995 on Hoy and 24th 

May on the Mainland and South Ronaldsay and transferred to the lab freezer on the 25th 

May, 

6.2.3 Isozyme analysis. 

Isozyme analysis was carried out following the methods developed in Chapter Four and 

successfully used for clonal identification in Chapter Five. Only those loci found previously 

to be polymorphic in Scottish aspen populations were screened. These included Pgm, Pgi- 

B, 6-Pgd-A, &Pgd-B, Cot-A, Cot-B and Mdh. AI1 samples were analysed within five days of 

returning to the lab. The scoring of gels followed the procedures and scoring system 

developed previously and described in Chapter Four and used in Chapter Five. The array 

of multilocus genotypes was analysed and sorted using ClarisWorks. 

6.2.4 Statistical Anulysis. 

The effective use of isozyme analysis to accurately identify clones and estimate genotypic 

diversity in any population is dependant on the discriminatory power of the suite of 

isozyme markers used. This, in turn, is dependant on the number of polymorphic loci 

screened, the number of alleles at each locus and the variability within each locus. A 

number of methods have been developed to evaluate the discriminatory power of a suite of 
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isozymes; the relative merits of three different methods are discussed in Chapter Five. The 

preferred approach, identified in Chapter Five, is that of Parks and Werth (1993) who 

provide equations for calculating the following probabilities for each multilocus genotype:- 

Pgen - the probability that consecutively sampled ramets which share an identical 

multilocus genotype originate from different gene& 

Pze - the probability that two distant ramets which share the same multilocus genotype 

originate from different genets. 

Pgen allows the discriminatory power of the suite of isozymes to be evaluated. If Pgen is 

less than 0.05 for all multilocus genotypes there is greater-than-95% confidence that 

adjacent ramets which share the same multilocus genotype originate from the same genet. 

Such a result would indicate that the suite of isozyme systems used is sufficient for 

accurate and consistent identification of clones. 

Pae provides an objective basis on which to make decisions regarding the origin of distant 

ramets sharing the same multilocus genotypes. Values of Pae greater than 0.05 indicate 

that there is less than 95% confidence that the separated groups share a common origin. 

These groups should be considered independent genets (Widen, Cronberg and Widen, 

1994). 

The approach of Parks and Werth (1993) is based on three assumptions; that each 

genotype is the result of a sexual event and not due to mutation of a pre-existing genotype; 

alleles at separate loci are distributed independently, i.e. there is no linkage 

disequilibrium; and that mating is random. The first assumption holds since mutation 

rates for individual loci are extremely low (Mukai and Cockerham, 1977:. Linkage 

disequilibrium was tested using Fisher’s exact test on contingency tables using GENEPOP 

- see Chapter Four (Raymond and Rousset, 1995). The goodness of fit between observed 

genotype frequencies and Hardy-Weinberg expectations was tested using the exact test 

proposed by Haldane (1954) with the algorithm of Louis and Dempster (1987) using 

GENEPOP (Raymond and Rousset, 1995). Linkage disequilibrium and Hardy-Weinberg 

equilibrium tests were performed using genotype frequencies derived from identified 

multilocus genotypes and not individual sampled trees. 
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The inbreeding coefficient f - equivalent to Fig in the terminology of Wright (1951) - was 

estimated with the procedures of Weir and Cockerham (1984; 1996) using FSTAT (Goudet, 

1997) following the procedures described in Chapter Four. The approach of Weir and 

Cockerham (1984; 1996) allows testing of the proposition - whether f is greater than zero - 

using a permutation procedure (Goudet, 1997). 

Once the number of genets within the sample population was established a number of 

basic genetic diversity measures can be estimated (Ellstrand and Boose, 1987; Loveless 

and Hamrick, 1984; Hamrick and Godt, 1996; Hamrick, Mitton and Linhart, 1981; 

Hamricket al. 1991; Mallet, 1996) including: genetic diversity (H), average number of alleles 

per locus (A) and effective number of alleles (Ae). The percentage of polymorphic loci V’) 

cannot be calculated as only polymorphic loci were screened. Genotypic diversity (GIN) 

and Simpson’s Index (D) (Pielou, 1969; Ellstrand and Roose, 1987) were also calculated 

following procedures described and used in Chapters Four and Five. 

6.3 Results. 

6.3.1 Isozyme analysis. 

The 48 samples collected from 15 groups at 14 locations were successfully screened for five 

isozyme systems yielding seven consistently resolvable loci of which six proved polymorphic. 

As no genetic interpretation has yet been accepted for Mdh in P. tremula (Cheliak and 

Pitel, 1984a; Bergmann, 1981, 1987) gel phenotype was scored using the scoring chart 

developed and used in Chapters Four and Five. 

6.3.2 Identification of clones and estimation ofgenotypic diversity. 

Eleven different multilocus genotypes were identified from the 48 samples. These are 

presented in Table 6.1 and Fig. 6.4. The diagnostic power of the suite of isozyme markers 

used in this study was evaluated using the methods of Parks and Werth (1993). Their 

approach is based on the following assumptions: that there is random mating between all 

individuals within the population, and that there is no significant linkage disequilibrium. 
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Fig 6.4 Multilocus genotypes (1-l 1) plotted onto the aspec locations on 

183 



Chapter Six- Genotypic diversity in the native aspen population of Orkney. 

Table 6.1 The multilocus genotypes identified for each of the fifteen aspen groups sampled. 
The number of aspen sampled from each group is also presented. 

Locations 

Rackwick 

Berriedale - 1 

Berriedale - 2 

Burra House 

Hoy Lodge 

Pegal - 2 

Lyrawa 

Pegal - 1 

Burn of Redglen 

Trowie Glen 

Redglen 

The Pinnacles 

Lyrawa Bay 

Candle of the Sale 

Waulkmill Bay 

Hoxa 

T NUIdfT 

sampled 

3 

5 

6 

2 

1 

1 

2 

6 

1 

3 

2 

3 

3 

3 

6 

1 

T 

6-PGD-A 6-PGD-B 

11 11 

11 11 

11 11 

11 11 

11 11 

11 11 

12 11 

11 11 

11 13 

12 11 

12 22 

11 11 

11 11 

12 11 

12 12 

12 11 

sozymc Joci sc1 ?llfXI 

Got-A Got-B PGI-B 

12 22 22 

12 22 22 

12 22 22 

12 22 22 

12 22 22 

12 22 22 

12 22 22 

22 12 22 

11 22 22 

12 22 22 

11 22 22 

22 22 23 

22 12 22 

22 22 22 

22 22 22 

22 22 22 

PGM 

34 

34 

34 

34 

34 

34 

44 

44 

34 

34 

44 

34 

34 

34 

34 

34 

-r 
I 

MDH 

2 

2 

2 

2 

2 

2 

5 

7 

2 

5 

2 

7 

7 

2 

7 

1 

Genotm 

NIlIll& 

1 

1 

1 

1 

1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

These assumptions were tested and the results presented in Table 6.2 and 6.3. For all 

loci and for both tests P is greater than 0.05 indicating no significant divergence from 

Hardy-Weinberg expectations and similarly, no significant linkage disequilibrium. 

The calculation of Pgen and Pae is based on the use of allele frequencies as empirically 

derived probabilities. Only systems where a genetic interpretation is available can be used 

in the calculation of Pgen and Pae, consequently, information from screening MDH must 

be excluded from the matrix of multi-locus genotypes. This reduces the number of unique 

genotypes from eleven to ten as Mdh discriminates between samples from Hoxa and Candle 

of the Sale. Estimates of Pgen and Pae for each multi-locus genotype are presented in 

Table 6.4. 
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Table 6.2. Results of Fisher’s exact tests for divergence from Hardy-Weinberg expectations 
indicating random mating within the Orkney aspen population 

Isozyme Loci Fisher’s Exact 

Probability 

6-Pgd-A 0.505 

6-Pgd-B 0.278 

Got-A 0.232 

Got-B 1.000 

Pgi-B 1.000 

Pgm 0.191 

L AI1 loci 0.42’7 

Table 6.3. Linkage disequilibrium: exact probabilities calculated using Fisher’s Exact test on 
contingency tables generated by GENEPOP (Raymond and Rousset, 1995)). No significant 
linkage disequilibrium is detected in the Orkney aspen population. 

Locus 1 

6-Pgd-A 

6-Pgd-A 

6-Pgd-B 

6-Pgd-A 

6-Pgd-B 

Got-A 

6-Pgd-A 

6-Pgd-B 

Got-A 

Got-B 

6-Pgd-A 

6-Pgd-B 

Got-A 

Got-B 

Got-B 

Locus 2 

6-Pgd-B 

Got-A 

Got-A 

Got-B 

Got-B 

Got-B 

Pgi-B 

Pgi-B 

Pgi-B 

Pgi-B 

Pgm 

PIP 

Pi9 

PgIll 

Fisher’s Exact 

Probability 

1.000 

1.000 

0.080 

0.179 

1.000 

0.663 

0.446 

1.000 

1.000 

1.000 

1.000 

0.646 

0.723 

0.491 

1.000 
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Fig. 6.5 All twelve aspen clones identified using isozyme analysis, probabilities and 
knowledge. Note the additional clone (no.121 is situated on Pegal Bay. 
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Table 6.4. Values of Pgen and Pse presented for each multi-locus genotype and estimated 
using the methods of Parks and Werth (1993). Each genotype is accorded an identification 
number which is plotted onto the map of Orkney on Fig. 6.4. Note that Candle of the Sale 
and Hoxa are treated together as they are characterised by variation at MDH. 

Trowie Glen 5 0.036 0.309 

L 6 0.000 0.001 --~--~.111...-...~ 

The Pinnacles 7 0.000 0.000 

Lyrawa Bax 8 0.011 0.106 

Candle of the Sale, 9 0.034 0.290 

Hoxa 11 

Waulkmill Bay 10 0.013 0.119 

With the exception of Genotype One all values of Pgen were estimated at Pgen < 0.05. 

The value of Pgen for Genotype One was estimated at 0.054, just slightly greater than the 

accepted significance level of 0.05, nevertheless Pgen provides convincing evidence for this 

genotype that consecutively sampled ramets sharing an identical multi-locus originate from 

the same genet. Overall the estimated values of Pgen demonstrate that the suite of 

isozyme markers used in this study are sufficiently variable to accurately identify clones 

and estimate genotype diversity within the Orkney aspen population. Moreover, the 

estimated values of Pgen should be considered as conservative estimates since data from 

screening Mdh was excluded from the calculation but used in clonal identification. 

For seven of the ten multi-locus genotypes estimates of Pse were greater than 0.05. For 

these genotypes distant groups sharing an identical multi-locus genotype cannot be 

assumed to originate from the same genet. However, only one genotype was found at more 

than one location: Genotype One was detected at five locations - Berriedale, Rackwick, Hoy 

Lodge, Burra House and Pegal - see Fig. 6.4. Pse was estimated at 0.429 for Genotype 
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One suggesting that each of these five groups should be considered as independent clones. 

However three of these groups were located in the gardens of houses in Hoy and cannot be 

regarded, with any certitude, as originating independently. The remaining two groups, 

Berriedale and Pegal, are wild sites and these two groups should be regarded as two 

independent clones. The number of clones on Orkney is estimated at twelve and these are 

plotted on Fig 6.5. 

6.3.3 Genetic Diversity. 

On establishing the number of clones present in the Orkney aspen population a number of 

standard measures of genetic diversity were calculated to enable the genetic variation 

present within the Orkney population to be compared with other Scottish populations. 

Genetic diversity Hep was estimated at 0.324, whilst the average number of alleles per loci 

A was estimated at 2.17. The effective number of alleles per locus & was 1.479. 

Genotypic diversity GIN was calculated at 0.229 whilst Simpson’s Index D was calculated 

at 0.825. A summary of genetic diversity statistics is presented in Table 6.5. 

Table 6.5. Genetic diversity nteasures estimated for the Orkney aspen population. 

Genetic Diversity Measures 

Genetic Diversity (He& 

Observed Heterozygosity (Ho) 

Mean number of alleles per locus (A) 

Effective number of alleles per locus (AJ 

Genotypic Diversity (GIN) 

Simpson’s Index (D) 

Estimated values for the Orkney population 

0.324 

0.333 

2.170 

1.479 

0.229 

0.825 

6.3.4 Znbreeding Coefficient. 

The inbreeding coefficient fwas estimated from the twelve genotypes. f was estimated at 

f= - 0.030 indicating a slight excess of heterozygotes. Permutation procedures were used 

to test whether fis significantly different from zero. The probability that f is not < 0 = 

0.702 indicating no significant difference between the estimate off and zero and agreeing 

with the Hardy-Weinberg analysis which indicated no significant deviation from Hardy- 

Weinberg expectations. 
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6.4 Discussion. 

6.4.1 The suitability of the suite of markers. 

The accuracy of any estimate of genotypic diversity within a population is dependant on the 

diagnostic power of the suite of isozyme markers used. In turn, the diagnostic power of a 

suite of isozyme markers is dependant on the genetic variability within the population 

being screened. A suite of markers used successfully to identify and delineate genotypes in 

one population will have a much reduced diagnostic power in another population of reduced 

genetic variability resulting in an under-estimate of genotypic diversity. (It should be noted 

that genetic variability and genotypic diversity need not be closely related and can vary 

quite independently). 

Clearly, a requirement of any study using isozyme markers to identify and delineate clones 

should be an evaluation of the diagnostic power of the suite of markers for every population 

in which they are used. Without this there can be no indication of the accuracy of the 

estimate. The diagnostic power of a suite of markers is specifically dependent on the 

values of the following parameters within a population:- the percentage of polymorphic loci 

(P), the number of alleles at each locus (A), and the genetic diversity (He) i.e. the standard 

measures of genetic variability within a population (Hamrick and Godt, 1989; Hamrick et 

a1.1991; Loveless and Hamrick, 1984; Hamrick, Mitton and Linhart, 1981; Widen, 

Cronberg and Widen, 1994; Ellstrand and Roose, 1987). However, many small relict island 

populations are prone to reduced levels of genetic variation compared to mainland 

populations (Lacy, 1992; Rieseberg and Swensen, 1996; Primack, 1993; Hamrick and 

Godt, 1996). Reasons to account for this may include genetic drift, inbreeding, founder 

effects or genetic erosion through ecological and stochastic processes (MacArthur and 

Wilson, 1967). In such populations the diagnostic power of a suite of markers may be 

much reduced compared to that in a mainland population of the same species maintaining 

higher levels of genetic variability. 

The aspen population of Orkney is a small relict island population. It would be reasonable 

to expect that the suite of isozyme markers, used with success in Strathspey (see Chapter 

Five), could have insufficient diagnostic power to provide an acceptable estimate of 

genotypic diversity in the Orkney aspen population. However this was not the case. The 
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- 

diagnostic power of the suite of isozyme markers was evaluated using the method of Parks 

and Werth (1993) since both necessary conditions - no linkage disequilibrium and no 

deviation from Hardy Weinberg expectations - were fulfilled. Values of Pgen for all 

genotypes, with one exception, were estimated at less than 0.05, with the exceptional 

genotype having an estimate of Pgen = 0.054. Taken as a whole, estimates of Pgen 

indicate that the suite of isozymes used in the Orkney aspen population has sufXcient 

diagnostic power to provide an accurate estimate of genotypic diversity (Parks and Werth, 

1993; Widen, Cronberg and Widen, 1994). There is no evidence that the small size of the 

population and the isolation from mainland populations has resulted in reduced diagnostic 

power of the suite of markers. 

6.4.2 Genotypic Diversity. 

From the fourteen locations where aspen was reported and subsequently sampled eleven 

different multi-locus genotypes were identified. However, at five of these locations a single 

genotype - Genotype One - was detected. These five locations were Berriedale, Rackwick, 

Hoy Lodge, Burra House and Pegal. The probability that the aspen at these five locations 

originate from independent sexual events (Pse) was calculated using the method of Parks 

and Werth (1993) following the recommendation made in Chapter Five. The value of Paa 

for Genotype One was estimated at Pse = 0.429 thus suggesting that each group of aspen 

found at the five locations were of independent origin. However, three of these five locations 

are private gardens on the island of Hoy. The owner of the garden at Rackwick, where 

aspen were sampled, has reported that his father collected aspen suckers from Berriedale 

and planted them in his garden (Prescott personal communication). It is not unlikely that 

the aspen found in the other two gardens, both belonging to large sizeable houses which 

employed gardeners, also originated from Berriedale directly, or indirectly via Rackwick. In 

this context, where there is some suspected human manipulation, it is clearly 

inappropriate to consider values of P se as indicative of the origin of a clone. 

The remaining aspen location where Genotype One was detected was at Pegal on the east 

coast of Hoy. A large number of small stunted aspen are spread along the cliffs for 

approximately 500m. Most of the sampled aspen were found to have Genotype Three, 

however the last aspen sampled was found to possess Genotype One. This tree was the 

last aspen sampled at Pegal Head although a few more aspen were clearly visible beyond 
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the Head although these were not sampled due to their inaccessibility on the cliff face. It is 

unlikely that these aspen was planted so it can safely be assumed to belong to a clone of 

independent origin thereby increasing the genotypic diversity to 12. This clone may spread 

further north along the coast and perhaps should be sampled further to confirm this. 

Pegal was the only location where more than one genotype was detected. Elsewhere groups 

of aspen were found to consist of a single genotype. This is expected in small isolated 

groups of aspen (Worrell, 1995a). Results from a study of genotypic diversity in a large 

semi-natural aspen wood at Tomnagowhan, Strathspey show that many more clones are 

present than possibly would be expected. In the light of this work Berriedale wood could 

have reasonably been expected to possess more than the single clone detected, indeed two 

distinct groups were discerned and sampled separately. However, this was found not to be 

the case as all aspen at Berriedale were of the same genotype and are derived from the 

same original seedling. 

As with Scottish mainland populations (see Chapter Four) individual aspen clones in 

Orkney do not or did not extend over large areas as, for example, in North America (Blake, 

1963; Barnes, 1966; Kemperman and Barnes, 1976). Any further aspen locations that are 

discovered on Orkney can safely be assumed to be of independent origin except, of course, if 

they occur in gardens or small plantations. 

It is possible that some small or even single ramet clones were missed in sampling the 

larger aspen groups at, for instance, Berriedale, Waulkmill Bay or Pegal. Complete 

sampling of all ram&s was only carried out at aspen locations where only 3 or 4 ramets 

were present. Elsewhere a representative sample number were collected though this was 

never less than 40-50% of the ramets present. However, only at Pegal was more than a 

single genotype detected at any one site. It is extremely unlikely that any further 

genotypes would be found if all known ramets were sampled. Detailed surveying of the 

smaller uninhabited and more inaccessible islands in Scapa Flow would be more likely to 

yield further aspen genotypes. 

The results of this survey of genotypic variation suggests that over the last 8000 years 

since the glaciers retreated from Orkney only 12 aspen seeds have established and 
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survived until the present. These clones deserve to be conserved if only for their 

perseverance. 

6.4.3 Genetic Variability. 

Comparison of the standard measures of genetic variability (Hamrick and Godt, 1989; 

Hamrick et al.1991; Loveless and Hamrick, 1984; Hamrick, Mitton and Linhart, 1981; 

Ellstrand and Roose, 1987; Widen, Cronberg and Widen, 1994; Mallet, 1996) within the 

Orkney aspen population with those of Scottish mainland populations (see Chapter Four) 

indicates equitable, or even slightly greater, levels of genetic variability within the Orkney 

aspen population - see Table 6.6. Indeed the Orkney aspen population maintains higher 

levels of genetic diversity (Hep) than all mainland populations except Strathspey. The 

mean number of alleles per locus (A) in Orkney is equal to three of the six mainland 

populations and only slightly below the other three. The relatively high levels of genetic 

variability within the Orkney population account for the diagnostic power of the suite of 

isozymes successfully used in the identification and delineation of genotypes. 

Table 6.6. Comparison of standard measures of genetic diversity between the Orkney 
population and the six populations previously sampled across mainland Scotland. - see 
Chapter Four. All mainland data were pooled to provide estimates for all-Scotland. Note 
that all measures ofgenetic variability are normally calculated over all loci screened. As only 
polymorphic loci were screened in Orkney the mainland estimates of diversity were required to 
be r-e-calculated as mean values estimated over only polymorphic loci to provide equivalent 
and comparable values. 

Population K?D 

Orkney 0.324 

Sutherland 0.304 

Strathspey 0.335 

Deeside 0.310 

Southern Scotland 0.310 

Perthshire 0.321 

Wester Ross 0.284 

Scotland - pooled 0.319 

Ho 

0.333 

0.284 

0.257 

0.237 

0.321 

0.277 

0.266 

0.268 

A AeD 

2.173 1.479 

2.173 1.437 

2.173 1.505 

2.173 1.449 

2.338 1.449 

2.338 1.472 

2.503 1.397 

2.833 1.468 

The levels of genetic variability within the Orkney population are perhaps surprisingly high 

and perhaps are counter intuitive. As has been argued above, small relict island 
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populations are often prone to loss of genetic variability relative to larger mainland 

populations by the processes of drift and inbreeding (Rieseberg and Swensen, 1996; 

Primack, 1993; Nei, Maruyama and Chakraborty, 1975). As a population becomes smaller 

the probability of a rare allele being lost to the next generation by chance greatly increases 

either due to drift if the population is sexual or through loss of genotypes from stochastic 

events in asexual species. Similarly, as the effective population size decreases the 

incidence of inbreeding increases (Charlesworth and Charlesworth, 1987; Lacy, 1992; 

Lande and Barrowclough, 1987; Rieseberg and Swensen, 1996; Primack, 1993; Hamrick 

and God& 1996). 

Genetic drift results in the loss of rare alleles contributing to a reduction in the mean 

number of alleles per locus (A). However, the population genetics of Scottish aspen 

populations are characterised by relatively equitable allele frequencies (Chapter Four). As 

a consequence there are not many rare alleles within Scottish populations. Such an even 

distribution of alleles slows down the loss of alleles by drift, indeed the clonal reproduction 

of aspen will slow down the process of drift by effectively lengthening the generation time. 

Moreover, in a population where alleles are distributed equitably a much smaller sample is 

required to be representative of the whole population. As aspen is largely a clonal species 

in Scotland and can have a very long life span, the present day aspen population of Orkney 

can, perhaps, be considered a small, but representative sample of a larger aspen 

population from earlier times. 

Further, in a population where sexual reproduction is known to be very rare the loss of 

heterozygosity through inbreeding would be small enough to be negligible. Indeed, the 

observed heterozygosity in the Orkney aspen population was much greater than in Scottish 

mainland populations. Genotype frequencies within the Orkney population were in line 

with Hardy-Weinberg expectations which is further confirmed by the low value of f (Fit) 

(Wright, 1951; Weir, 1996; Weir and Cockerham, 1984) which was found not to differ 

significantly from zero. Mainland Scottish aspen populations were all found to be slightly 

inbred (see Chapter Four) which was surprising in an outcrossing dioecious species. ‘Ibis 

phenomenon was explained as resulting from assortive mating among related individuals 

which retain the ability to flower regularly in contrast to the rest of the population which is 

thought to flower very infrequently. That no inbreeding is evident within the Orkney 

population suggests that flowering, pollination and establishment of seedlings stopped 
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completely before the population contracted to present day levels. This may have occurred 

as a result of the climate change mooted as the reason for the demise of woodland on 

Orkney around 5000 B.P. (Chapman and Crawford, 1981; Keatinge and Dickson, 1979; 

Moar, 1969). 

The genetic variability in the Orkney aspen population may have been maintained by gene 

flow via the highly mobile seeds that aspen produces. However, the density of aspen on the 

northern coast of Caithness and Sutherland and the incidence of seed production in this 

population is low enough to consider gene flow from this population into Orkney highly 

unlikely. Whilst gene flow cannot be ruled out as mechanism for the maintenance of 

genetic diversity in the Orkney aspen population it is unlikely that gene flow contributes to 

the maintenance of variability in the gene pool of Orkney aspen. 

6.4.4 Conservation genetics of the Orkney aspen population. 

Much of the field of conservation genetics is concerned with concepts of genetic variability. 

At the foundation of this discipline is an assumption that the conservation of genetic 

variability is vital because the ability of a population to evolve to meet new ecological 

challenges and survive into the future is dependant on the maintenance of this genetic 

variability in present populations (Primack, 1993; Mallet, 1996; Soule and Wilson, 1980; 

Avise, 1994; Frankham, 1995; Avise and Hamrick, 1996). The maintenance of the 

potential to evolve is of central importance to the aims and objectives of conservation 

genetics. However evolution is comprised of a number of stages; the first is mutation which 

is the origin of all genetic variation, the second stage is selection - the favouring of fitter 

genes, the third stage is recombination of the fitter genes. Whilst the first two stages are 

common to all organisms, the third stage can only occur in sexual populations. 

The Orkney aspen population has high levels of genetic variability comparable with 

Scottish mainland populations and commensurate with the genetic variation found in tree 

species bearing many of the characteristics of aspen in Scotland (Hamrick and Godt, 1989; 

Hamrick et al. 1991; Loveless and Hamrick, 1984; Hamrick, Mitton and Linhart, 1981) - see 

Chapter Four. From a naive conservation-genetics position the Orkney aspen population 

could be judged to be in ‘good health’ - it has natural levels of genetic variability 

comparable to large mainland populations which should allow it to evolve in response to 
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future ecological challenges. However, the population consists of only 12 genotypes which 

manage to maintain high levels of genetic variability but are of limited distribution and 

vulnerable to naturally occurring disturbance. The long term ‘health’ of this population 

depends on the endurance of these twelve genotypes rather than the theoretical ability of 

the population to adapt in response to future changes and it is clearly at medium to long 

term risk. 

In a previously sexual population which has foregone sexual reproduction perhaps due to 

changes in climate and which now reproduces mainly asexually the opportunity for 

adaptation to environmental change has been lost. The population could be described as 

being in an evolutionary cul-de-sac. The aspen population of Orkney fits this description. 

As a result, many of the tenets of conservation genetics do not apply to the conservation of 

aspen on Orkney - the amount of genetic variability within the population is of little 

relevance when only 12 genotypes exist. In small, mainly asexual populations the 

parameter of prime importance is genotypic diversity. This example highlights the difficulty 

in using estimates of selectively neutral variation as indicators of adaptive potential. 

Clearly, the adaptive variation within a population of twelve individuals will be much 

smaller relative to a large population such as Strathspey even though genetic diversity 

estimates are similar. 

Whilst it is true that many of the clones presently extant on Orkney could be hundreds or 

even thousands of years old, the small size of many of the clones and the marginalised 

niche that they occupy render the Orkney aspen population extremely vulnerable to loss 

through stochastic events such as fire, land slide, pests or pathogens. The conservation of 

aspen and other tree species on Orkney will require expansion of the present small 

population to spread the risk of loss and so secure their future (Taylor, 1995). At some 

locations, for instance, Berriedale Wood, the woodland can be naturally regenerated onto 

adjacent land through careful site preparation and protection from fire and grazing. At 

most of the other aspen locations expansion onto adjacent land is unlikely or impossible, 

for instance, the Waulkmill Bay aspen clone is located at the foot of a cliff just above high 

water mark with no option to expand. To secure the future of the aspen population of 

Orkney and native woodlands in general it is necessary to re-establish new native 

woodlands by planting (Chapman and Crawford, 1981; Taylor, 1995). 
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In creating new native woodlands on Orkney a significant amount of aspen will be 

included, probably much more so than in new native woodlands in many parts of mainland 

Scotland due to its enhanced status in Orkney. As the density of aspen increases there will 

be a concomitant increase in the potential risk from pests and pathogen attack (McNabb, 

Hall and Ostry, 1982; Lorimer, 1982). As many of the aspen clones on Orkney will have 

occurred at low density for perhaps hundreds of years there may be little adaptive 

resistance to diseases such as poplar bacterial canker Xanthomonus pop&i which is a 

mdor disease of aspen in mainland Europe and can be very destructive in dense stands 

with little genotypic diversity (Jobling, 1990; Worrell, 1995a; b). In plantations of native 

clonal species such as aspen the only defence against pest and pathogen attack is to insure 

sufficient genotypic diversity (Libby, 1982; Heybroek, 1978). Plantations founded on 

relatively few clones are inherently more prone to large scale loss than plantations founded 

with many clones (Muhs, 1993; Heybroek, 1978; Goodman, 1975). 

Where there are limited numbers of clones in a population from which to propagate 

planting stock to establish new plantations it may be prudent to introduce new clones from 

nearby populations which share similar conditions. Such an action would improve the 

genotypic diversity of the population and the long term ‘health’ of the population. 

Plantations established using an enhanced mixture of aspen clones would be inherently 

‘safer’ from climatic, pest and pathogen risks than plantations established from a 

restricted number of clones. As the establishment of native woodland is often viewed 

sceptically by mainstream ‘establishment’ foresters it is important that new native 

woodlands are of good quality and are successfully established and maintained. 

However, introduction of new clones into the population would compromise the ‘genetic 

integrity’ of the Orkney aspen population. The Orkney Native Tree Conservation Strategy 

has, as a maor conservation objective, a restriction on the use of planting stock to that of 

native origin only. Indeed the imperative to use only locally derived planting stock is 

widely, and in most cases quite rightly, accepted amongst conservation circles, at least 

(Peterken, 1996; Rodwell and Patterson, 1994; Soutar and Spencer, 1991; Gordon, 1996; 

Taylor, 1995). 

There is clearly a tension between the conservation objective to maintain the genetic 

‘integrity’ of the Orkney aspen population and any need there may be to introduce new 
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clones from outside populations to bolster the genotypic diversity of the native population to 

secure the long term ‘health’ of new aspen plantations. The first step in resolving this 

tension is to evaluate the genotypic diversity within the Orkney aspen population within a 

scientific context and in reference to international guidelines on clonal forestry. The second 

step is to review the ideas behind the conservation objective to maintain the genetic 

integrity of the Orkney aspen population. 

Surprisingly little work has been published which addresses the key relationship between 

genotypic diversity and the risk from pest and pathogen attack beyond the basic assertion 

that many clones are good and few clones are bad (Libby, 1982). Empirical research into 

this relationship is fraught with practical limitations and has largely been neglected. 

Libby (1982) forwent the empirical approach to model the relationship between the risk to 

the plantation and genotypic diversity using a number of 1:.eoretical assumptions. He 

suggested that, beyond a basic threshold number of clones, there is no further reduction in 

risk to the plantation with increased genotypic diversity. Unfortunately no indication of the 

threshold level was presented although he concludes that “modest numbers (7-25) of clones 

appear to provide a robust and perhaps optimum strategy”. Such a recommended range of 

clones must be regarded as conservative - throughout Libby considers the commercial 

situation where clones have been selected for, amongst other traits, resistance to common 

diseases. Nevertheless the twelve genotypes identified in the Orkney population fits 

comfortable within this suggested range. 

On consulting international legislation on the establishment of plantations from clonally 

derived planting stock it is clear there is no consensus on the minimum number of clones 

required for safe plantations (Muhs, 1993). Indeed only three governments have produced 

any legislation on the minimum number of clones to be used in clonal forestry although 

more countries (Denmark and Belgium, for example) are beginning to draft guidelines. 

Muhs (1993) presents a review of legislation and guidelines on the minimum number of 

clones to be used in plantations from Sweden, Germany and Ontario. In Sweden and 

Germany the guidelines produced are mandatory whilst in Ontario the guidelines are 

presently voluntary although there is an intention to make them binding in the future. 
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In Sweden the minimum number of untested3 clones that can be used is 67 such that no 

clone in a plantation constitutes more than 1.5% of the total clonal diversity. This figure 

rises to 2.5% for clones tested to level 1 (40 clones) and 3.5% for clones tested to level two 

(29 clones). In Germany, the minimum number of clones for a minor forest species in small 

plantations is 100. Although this drops to 20 for special highly resistant clones in certain 

circumstances. In Ontario the prescribed numbers of clones required are much lower. In 

plantations with a projected rotation of > 20 years and covering no more than 20 ha. 10 

clones will suffice. This rises to 20 clones for plantations of between 21-50 ha. and to 40 

clones for plantations greater than 50 ha. The legislation of Sweden and Germany clearly 

requires large numbers of clones for plantations perhaps much larger than necessary and 

almost impractical for production and certification of commercial clones. The guidelines 

produced by Ontario require more modest numbers of clones and take account of small 

plantation areas. The maximum number of clones that could be produced on Orkney would 

allow small plantations to be established which would comply with the Ontario guidelines 

but not with the Swedish and German legislation, 

Common to the legislation produced by these three governments is the exemption from 

legislation for poplars. Throughout Europe and North America poplars have long been 

vegetatively propagated from a small number of highly resistant clones. Indeed most of the 

poplar plantation in mainland Europe consists of very few clones. However, the process of 

selection for resistance has been going on for much longer in poplar species than in any 

other tree species (Muhs, 1993) with a consequent decrease in risk from pests and 

pathogens in monoclonal plantations of poplar relative to other species. In drawing up the 

rules on minimum clonal diversity the legislators have recognised this long tradition and 

excluded poplar from legislation. The wisdom of this action is yet to be tested. Scottish 

native aspen has not had the history of widespread use that European poplar clones have 

had and there has been no selection programme for resistance in Scottish aspen. 

Consequently the special case that has been made for poplar by the three countries who 

have legislated for minimum numbers of clones is clearly inappropriate within the context 

of Scottish aspen. 

3 Tested and untested refers to screening for pest and pathogen resistence. Such screening 
is widespread in taxa such as poplars which have a long history of clonal forestry and is 
increasing in new clonal forestry species. 
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Whilst a scientific evaluation of the safe number of clones is yet to be undertaken and 

guidelines based on objective empirical evidence are yet to be produced, it is clear that the 

genotypic diversity of the Orkney aspen population is at the bottom end of the range of 

recommended minimum numbers of clones to be used. However, the modelling approach 

undertaken by Libby (1982) and the international guidelines and legislation discussed by 

Muhs (1993) assume that commercial monocultures are to be established, i.e. only one 

species is to be planted. Any planting of aspen in Orkney will be within a mixed native 

woodland containing a number of species planted in mosaic. Such a mixture of species 

would significantly reduce the risk to aspen and allow smaller numbers of aspen clones to 

be used safely in small plantations of new native woodlands (Muhs, 1993). 

Perhaps the best guide to the safe number of clones to use in new native woodland 

establishment on Orkney is the number of clones found within existing high-quality 

authentic native aspen woodlands. In a study of Tomnagowhan wood in Strathspey - see 

Chapter Five - 21 clones were found within 4.6ha. of woodland . Following this ratio of 21 

clones to 4.6 ha woodland would allow approximately 3ha of aspen woodland to be 

established using the 12 clones found on Orkney. This would produce new native 

woodland which closely matches the structure and genotypic diversity of an authentic 

native aspen woodland in Strathspey. Within the context of new native planting schemes 

in Orkney a 3 ha woodland would be considered of moderate size taking into account the 

size and extent of Berriedale and similar areas available for planting on Hoy. These same 

12 clones could be used in a number of discrete woodlands throughout Orkney without 

compromising their long term safety. Whilst Tomnagowhan may not supply the most 

directly relevant model to apply, it is, by far, the best information on which to base a 

decision on whether 12 clones constitute sufficient genotypic diversity to “safely” establish 

new native woodland on Orkney. 

6.4.5 Use of Local Stock. 

The conservation objective to use only locally derived planting stock in any new native 

woodland is based on the widely accepted principle of the maintenance of “genetic integrity” 

of the population (Rodwell and Patterson, 1994; Taylor, 1995; Peterken, 1996; Forestry 

Commission, 1989; Taylor, 1995). Precise arguments for maintaining the “genetic 
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integrity” of native populations are rarely presented (see, for instance, Rodwell and 

Patterson (1996)) but are, most probably, based on the following assumptions:- 

* locally derived planting stock is more to likely to be adapted to local conditions and will 

be fitter and perform better than introduced stock (Worrell, 1992); 

. introduction of individuals from other populations may reduce the fitness of progeny 

through outbreeding depression effects - so called “genetic contamination” (Rieseberg 

and Swensen, 1996; Primack, 1993); 

. it is desirable to conserve historical patterns of genetic variation because they are of 

scientific importance (Kinloch, Westfall and Forrest, 1986; Forrest, 1982a, b); 

l local populations retain a distinct local appearance which may have a genetic basis 

(Steven and Carlisle, 1959). 

Examination of many of these assumptions indicates that they do not apply to the Orkney 

aspen population. The aspen population of Orkney exhibits no distinctive differences in 

phenotype from Scottish mainland populations. Many of the aspen in Orkney are indeed 

small and gnarled and produce very few leaves but this is common to aspen throughout 

Scotland in exposed coastal conditions. There is no evidence as yet to indicate there is a 

distinctive Orkney form of aspen. 

The aspen population of Orkney is too small to be meaningfully incorporated into the 

investigation of genetic variation within and among mainland populations (see Chapter 

Four) and consequently there is no information on the genetic distance between the Orkney 

population and other Scottish populations. However, there is no palynological evidence to 

suggest that the Orkney aspen population has a different origin to other Scottish 

populations (Huntley and Birks, 1983; Birks, 1989). It is unlikely that future genetic 

analysis would show any intrinsic differences in the Orkney population compared to 

mainland populations. There is, therefore, no grounds to consider the Orkney aspen 

population of special scientific interest as, for example, the Scats Pine population of 

Shieldaig, Wester Ross (Kinloch, Westfall and Forrest, 1986; Forrest, 1982b; Ennos, 

Sinclair and Perks, 1997) 

In many areas of Caledonian Pine woods, for instance, Glen Afl?ic, neighbouring stands of 

commercial Scats Pine plantation of unknown provenance are being removed long before 

rotation age to minimise the risk of “genetic contamination” to naturally regenerating 
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Caledonian Pine nearby (EMOS, 1996; Taylor, 1994; Peter-ken, 1996). This notion of 

“genetic contamination” and its corollary “genetic integrity” are now endemic within the 

native woodlands fraternity (see for example past reports of the Native Woodlands 

Discussion Group). The idea of “genetic contamination” is based on the generally accepted 

phenomenon of outbreeding depression (Rieseberg and Swensen, 1996; Primack, 1993; 

Worrell, 1992) which can be concisely explained as a loss of fitness (or dilution of adaptive 

traits) within the progeny of a population which has been exposed to genes from an alien, 

and supposedly less well-adapted population (Primack, 1993). It is highly probable that 

the Orkney aspen population will have adapted to the conditions experienced on Orkney 

particularly the high wind speeds, salt spray and the short growing season. Planting stock 

derived locally may be much more successful than stock imported into Orkney although this 

can only be determined by provenance trials. However, aspen in Orkney has never been 

recorded producing seed (Taylor, 1995). As sexual reproduction is rarely indulged in by the 

Orkney aspen population (remember the products of only 12 sexual events have endured on 

Orkney over the last 8000 years) there is a minimal risk of outbreeding depression and so 

“genetic contamination” of this population. It can only be concluded that introduction of 

clones from other populations will have minimal effect on the fitness of the native aspen 

population of Orkney. 

On examining the arguments for the maintenance of “genetic integrity” within the context of 

the Orkney aspen population it is evident that they do not wholly apply. Nevertheless it is 

highly likely that aspen on Orkney are better adapted to the environment of Orkney than 

any imported stock and such locally derived stock should be used in preference for 

successful establishment of good quality new native woodlands. On reviewing the 

published recommendations, guidelines and legislation on the minimum safe number of 

clones to use in new plantations it is clear that the genotypic diversity within the Orkney 

population is at the bottom end of acceptability for the safe establishment of monospecific 

plantations. However, the number of clones that could be propagated from the existing 

population are judged sufficient for establishment of small, mixed species native woodland 

without compromising the long term “health” of the Orkney aspen population. 

6.4.6 Inventory of clones. 

The identification of genotypes throughout the Orkney aspen population allows a full 

inventory of genotypes to be compiled and plotted. The collection of root material for the 
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vegetative propagation of planting stock can be guided by this inventory to efficiently and 

optimally collect all genotypic variation. Where a number of groups exist which share the 

same genotype, for example at Berriedale, Rackwick etc., the healthiest, most easily 

accessible groups can be collected from. Records should be kept of the origin of clones 

planted allowing the more successful genotypes to be identified. 

6.4.7 Conclusions. 

Levels of genetic variability within the Orkney aspen population are equivalent to those 

detected in Scottish aspen populations despite the restricted genotypic diversity. This 

is explained by the equitable distribution of alleles within the Scottish aspen 

population allowing relatively small samples to be representative of the entire 

population. 

No inbreeding was detected within the Orkney aspen population suggesting that sexual 

reproduction ceased before the contraction of the ancient woodlands of Orkney ~5000 

B.P. 

The suite of isozyme markers used in this study were of sufficient diagnostic power to 

accurately and consistently identify genotypes. This was evaluated using the method 

devised by Parks and Werth (1993). 

The 48 samples collected from 14 sites yielded 11 different genotypes. Use of Parks 

and Werth’s (1993) method of evaluating the likelihood of independent origin of clones 

sharing an identical genotype and local knowledge resulted in 12 clones being identified 

and plotted. 

Consideration of published recommendations, guidelines and legislation from a number 

of countries indicates that the 12 genotypes found are at the bottom end of the range of 

acceptability for the ‘safe’ establishment of monospecific plantations. However 12 

clones are judged sufficient for the safe establishment of small, mixed species native 

woodlands as envisaged by the Orkney Native Tree Conservation Strategy. 

An inventory of clones, their genotypes and their location is presented to allow efficient 

and optimal collection of root material for the production of planting stock of maximum 

genotypic diversity. 
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