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CHAPTER FOUR 

"All seeds which land on the soil do not find conditions suitable for 
establishment." 

J.L. Harper et al. (1961) The Evolution and ecology of closely linked 
species living in the same area.  Evolution, 15, p217. 

 

4 The Association of Plant Species and Communities with 

the Physical and Chemical Environment 

The classification and ordination of species data in Chapter Three demonstrated that 

there are distinct groups and associations of species in the vegetation of the West 

Lothian shale bings but that these do not conform to phytosociological patterns 

described in literature (Rodwell, 1991a; 1991b; 1992; 1995; 2000)).  There were 

strong indications from the shared habits (as described by Hill et al., 1999; Hodgson 

et al., 1995) of individual species recorded together that the burnt shale substrate of 

the bings is neither homogeneous within nor between sites, although the spoil 

originated from a single shale bed and was treated using the same industrial 

processes.  This chapter relates the vegetation survey data described in the previous 

chapter to measured physical environmental factors of angle of slope, bare ground, 

elevation (derived from position on site as described in Chapter Three, Section 

3.3.1), aspect and management, and the chemical environmental factors of pH, 

nitrogen, phosphorus, potassium, magnesium, sodium and calcium.  The study set 

out to define the extent of the physical and chemical variation within and between 

sites and to determine what influence, if any, the variation had on vegetation 

patterns, and the distribution of individual species and species associations recorded 

in the field.  The aims were to answer the questions proposed in Chapter One: 

Are vegetation patterns associated with environmental gradients? 

How limiting is the absence of soil, in the biological sense, to the colonisation 
process on shale bings? 

Does species composition reflect gradients in either the chemical or physical 
environment? 
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The physical features of elevation, aspect and management were used to describe the 

topography and stage of succession of individual bings (where possible) and to 

identify the position of individual recording quadrats within the sites.  Vegetation 

data were then linked to large-scale site topography.  Angle of slope and percentage 

bare ground were used to identify individual species and associations that were 

recorded within limited physical ranges.  Small-scale variation within the larger 

physical divisions could then be identified.  

The extent of variation in the chemical environment was measured at the quadrat 

level within defined positions on the bings.  Aspects of topography and species 

distribution were then linked to the variations in individual nutrients and pH.  

4.1 The Shale Substrate 

As described in Chapter Two, Section 2.5 many of the physical properties of burnt 

oil-shale spoil are similar to those of other types of large scale industrial waste 

(Table 4.1).  The shale bings are made of a single material, with a surface structure 

unlike normal soils. In common with all primary succession sites they initially have 

no organic matter and no microbial activity (Bradshaw & Chadwick, 1980).  The 

bings, like other spoil heaps, suffer from surface instability caused by a combination 

of topography and lack of vegetation.  This is exacerbated by a substrate consisting 

of coarse particles which are easily blown by the wind when dry and eroded by 

heavy rain when wet (Bradshaw & Chadwick, 1980).  The major effects of water 

erosion are the break down of the laminar structure of shale and the movement of 

small particles from the surface of the substrate but the steep slopes and height of 

many of the bings (Appendix 1) can occasionally intensify the effect, leading to the 

formation of gullies and minor landslips.   

In many regions of the World the establishment and development of vegetation on 

spoil heaps is severely affected by drought, due to the large particle size of the 

substrate and its low water holding capacity.  Long-term average rainfall, exceeding 
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40 mm every month throughout the year1 (Meteorological Office, 2004a), ensures 

that this is not a great problem in central Scotland.  Lack of existing vegetation can, 

however, result in rapid, short-term, surface desiccation from both sun and wind, 

consequently making conditions difficult for early colonisers and continuing seedling 

establishment (Bradshaw & Chadwick, 1980).  The combined factors of altitude and 

lack of vegetation, as are found on the bings, can also result in unpredictable wind 

and weather patterns at ground level causing soil structure to vary over small 

distances (Urbanska et al., 1998).   

There are no published data on the physical and chemical properties of the substrate 

that forms the West Lothian oil-shale bings.  Bradshaw and Chadwick (1980) 

compared the physical and chemical characteristics of different types of derelict land 

material (Table 4.1) and suggested that the physical substrate of oil-shale bings is not 

expected to vary greatly from other types of spoil apart from urban waste.  Although 

their information on oil-shale waste was based on north American strip mined sites 

the same retorting process is used to extract the oil and should result in waste that is 

comparable with that found in the bings in Scotland.   

The chemical properties of oil-shale waste differ from other types of waste to a 

greater extent than the physical properties (Bradshaw and Chadwick, 1980).  It is 

expected that there will be a severe deficiency of macronutrients, adequate 

micronutrients and a moderate excess of salinity in the substrate.  The bings ought to 

have a moderate deficiency2 in pH, making them slightly acidic, but should not 

contain heavy metals or other toxins (Table 4.1).  However, in a later section of their 

text Bradshaw and Chadwick (1980) suggest that spent shale will initially have a 

high pH due to high concentrations of soluble salts.  The rainfall in central Scotland 

                                                 

1 The rainfall data is from the nearest meteorological recording station at Edinburgh airport: 
Greendykes is only 6.5 kilometres to the west but Addiewell is 20 kilometres to the west.  Rainfall 
increases from east to west in central Scotland therefore the actual rainfall in West Lothian will be 
higher.  Long-term average rainfall for Stirling, 40 kilometres to the north-west of Edinburgh airport, 
exceeds 50 mm every month throughout the year. 

2 Bradshaw and Chadwick record a severe deficiency of pH in both colliery spoil and strip mining and 
describe these as acidic, therefore moderate deficiency is presumed to be slightly acidic.  
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is sufficient to leach out most of the soluble nutrients (e.g. potassium and sodium) 

therefore it is unlikely that they will occur at high levels after 30 years, the minimum 

time since cessation of dumping.  

Table 4.1 The physical and chemical characteristics of derelict land material 

The physical and chemical characteristics of derelict land material (adapted from 
Bradshaw and Chadwick, 1980). 
Deficiency:   severe OOO moderate OO  slight O    adequate o 
Excess:  severe +++ moderate  ++   slight + 
(Relative to the establishment of a soil/ plant ecosystem appropriate to the material:  
variations in severity are due to variation in materials and situations.) 

materials texture 
& 
structure 

stability water 
supply 

surface 
temp-
erature 

macro 
nut-
rients 

micro 
nut-
rients 

pH toxic 
mater-
ials 

salinity 

oil shale OO OOO/o OO o/++ OOO o OO/o o o/++ 
colliery 
spoil 

OOO OOO/o O/o o/+++ OOO o OOO/o o o/++ 

china 
clay  

OOO OO OO o OOO o O o o 

strip 
mining 

OOO/o OOO/o OO/o o/+++ OOO/o o OOO/o o o/++ 

urban 
waste 

OOO/o o o o OO o o o/++ o 

coastal 
sands 

OO/o OOO/o O/o o OOO o o o o/+ 

road-
sides 

OOO/o OOO OO/o O/o OO o O/o o o/++ 

Nitrogen is considered to be the most important of the macronutrients.  Cowles 

recognised nitrogen as one of the principal limiting resources in terrestrial primary 

succession on sand dunes in 1899.  The constraint of low nitrogen availability results 

in early dominants that are generally capable of nitrogen fixation (Sprent, 1993), 

however this is dependent on pH.  Nitrogen fixation by free-living organisms 

(Azotobacter and Clostridium) and symbiotic organisms (Rhizobium and 

Actinomyces) are favoured at high levels of pH when bacteria are more abundant 

(Mengel and Kirkby, 1982).  pH (potential of hydrogen) affects the availability of 

many nutrients, and plants vary widely in their sensitivity to soil pH.   

Bradshaw and Chadwick (1980) present a range of macronutrient levels required for 

"normal plant growth" when restoring land.  The levels are geared towards growth of 

agricultural crops and pasture and not wholly relevant to naturally occurring 

ecosystems.  They do not, however, represent recommended fertiliser applications 
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for maximum productivity like most published information on plant nutrition and 

therefore provide a standard that can be used for comparison with any new data 

collected (the levels are presented in Section 4.4 Table 4.14 on page 106).   

Sodium is not considered to be an essential plant nutrient.  High levels can destroy 

soil structure, reduce plant growth and are associated with high pH.  Bradshaw and 

Chadwick (1980) do not give an optimum range for sodium concentration but 

commercial sources agree that more than 120 ppm is detrimental to the growth of 

many plant species (Agvise, undated; Green Air Products, undated).  Availability of 

magnesium, potassium and phosphorus all reduce with high pH (Mengel and Kirkby, 

1982).  Very low levels of these nutrients are likely to cause low production in 

plants.  Calcium levels are generally higher in association with pH >6 but need to 

reach 20,000 ppm to become detrimental to plants (Agvise, undated), this is a factor 

of ten greater than the maximum level suggested for normal plant growth by 

Bradshaw and Chadwick (1980).   

The literature is open to various interpretations making expected availability of the 

various nutrients on oil shale bings very difficult to predict.  This in turn leads to 

difficulties in predicting how vegetation might be influenced by variations in the 

chemical environment.  Rees and Bergelson (1997) recognised that low nutrient, low 

disturbance habitats tend to have successions running from light specialists to 

nutrient specialists and that high nutrient, high disturbance habitats have opposite 

successions.  Existing information on the shale bing sites indicated a predominance 

of low nutrient, high disturbance habitats making any predetermination of the 

composition of vegetation communities problematic.  It has been suggested that 

plants from infertile soils will have inherently slow growth rates (Parsons, 1968).  

These slow growing species will be at a selective advantage on infertile soils because 

they will not out-grow the available nutrient supplies. 

4.2 Collecting, Preparing and Analysing the Data 

Physical environmental data were collected in conjunction with floristic information 

from eight bing sites in the baseline survey (Chapter Three, Section 3.3.1).  
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Percentage bare ground, aspect, angle of slope and elevation (measured as position) 

were recorded for each of the 340 quadrats.  Some of the most frequent species 

appeared to be limited by physical environmental criteria and were only recorded 

within particular ranges of bare ground, aspect, angle of slope and position over all 

of the bing sites.  Other, less frequent, species were recorded on all sites and all 

positions within sites (Chapter Three, Section 3.4).  To determine the extent to which 

vegetation composition might be interrelated with clines in the physical environment 

the species recorded in the baseline survey were first classified by each 

environmental gradient independently. By utilising autecological information for 

individual species recorded as representative of divisions within any of the measured 

physical factors an indication of particular species habits associated with that factor 

can be calculated.  The association between the physical environment and plant traits 

(annual and perennial life history, established strategy and mode of dispersal) were 

tested with �2.  The quadrat data are treated as statistically independent with respect 

to bing sites throughout the chapter.  Although there will be some degree of 

pseudoreplication in the data due to non-demonic intrusions (Hurlbert, 1984), 

unmeasurable and/or unknown chance events that may affect species composition or 

environmental gradients, the impact on the validity of the analyses was felt to be 

insignificant. 

The chemical environmental data were collected from a series of 50 fixed quadrats 

on only four of the bing sites used in the baseline survey due to time constraints.   

The four bings were selected to represent the range of size and management 

strategies recorded in Appendix 1.  Clapperton, a newly managed site, Oakbank, a 

well established managed site, Greendykes, a large unmanaged site, and Mid Breich, 

a small unmanaged site.  The fixed quadrats were contiguous blocks of four 2 m × 

2 m quadrats from the same vegetation type and were established as extensions of 

quadrats from the baseline survey.  There were four random blocks at the top (only 2 

at Mid Breich because of its small size), middle and base of each bing, plus four 

from Greendykes plateau, representing the range of elevations and aspects found at 

the four sites (50 in total).  Floristic and physical environmental data were recorded 

at the same time as substrate samples were collected from the four quadrat blocks on 
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Greendykes middle slopes, as this position had not been part of the baseline survey 

(Chapter Three, Section 3.3.1).   

The substrate samples for soil analyses were collected in early spring (Thomson et 

al., 1997).  Ten spots were selected at random from within the quadrat block 

(Gemmel, 1977).  The surface vegetation was removed and each sample was split 

into two.  Trowel-sized samples were collected from the top 50 mm of substrate and 

the lower, unweathered substrate.  The 10 top samples and 10 bottom samples from 

each quadrat were then bulked resulting in two bulked samples for each of the 

quadrat positions at all four bings (100 in total).  Each fresh bulked sample was 

passed through a 2 mm sieve to remove large stones, root fragments and to provide 

homogenous samples. 50 g of the sifted material from each sample was retained for 

chemical analysis.  The remainder was reduced by washing through a 0.2 mm sieve 

(ter Heerdt et al., 1996) to remove clay and silt and provide concentrated 250 g 

samples for a controlled glasshouse trial to be described in Chapter Five.  

4.2.1 Physical analyses 

The baseline survey of 340 quadrat samples contained 211 species (see Chapter 

Three) and resulted in a matrix of 4,267 entries.  The full data set was used for 

grouping and classification of the species in relation to the physical environmental 

data.  Each of the physical features was investigated individually in the first instance.   

The measure of elevation was taken from the position of the recording quadrats on 

the bing sites, plateau, top, middle, base and excavation as described in Chapter 

Three.  The data were allocated to three divisions; Upper = plateau and top quadrats 

combined, Middle = middle quadrats, Lower = base and excavation quadrats 

combined.   

Aspect was measured in degrees from magnetic North (as described in Chapter 

Three) but quadrats were allocated to two divisions, those recorded from 315<135o 

(NW to SE) and those recorded from 135<315o (SE to NW).  Data of species by 

aspect were collected as degrees from north (to the nearest 5o) and the divisions 

could reasonably have been presented as a series of polar graphs.  Preliminary 
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analyses suggested that when investigating the over all distribution patterns of 

vegetation this level of detail was not necessary for comparison with the broadly 

measured divisions of the other physical environmental features, although it could 

prove to be applicable when researching individual species.  The most extensive 

comparable work from literature (Grime et al, 1988) divided species between north 

and south aspects and whether they were shaded or not.  On the bing sites this did not 

seem to be the most logical split because of the direction of the prevailing winds 

(Figure 4.1) and lack of cover.  The wind is directed by the south-west to north-east 

alignment of the Pentland Hills and is channelled through the River Almond valley 

(on the same alignment).  The main wind frequencies (> 55% in November; � 40% 

in May) are therefore between 210 and 270o, compounding the desiccating effect of 

higher solar radiation on the south and west facing slopes (Meteorological Office, 

Edinburgh, 1990).  

 

Figure 4.1  Wind-roses for Edinburgh Airport  

The wind-roses indicate the wind directions in May and November, predominantly 
from 210-270o.  Increased length of arm denotes increased frequency of winds and 
increased shading of arm denotes greater strength of winds (adapted from 
Meteorological Office, Edinburgh, [1990] using data for Edinburgh Airport). 

Management practices carried out from cessation of dumping at each site3 were used 

as a further large-scale division of the data.  Quadrats were grouped according to the 

degree of management and length of time elapsed since management in the recording 

                                                 

3 This varies between sites from 1915 – 1962 (Appendix 1) 
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area using the information available from Council records (West Lothian, various) 

and summarised in Appendix 1.  This allowed quadrats within a bing to be allocated 

to one of three different management divisions.  Unmanaged sites, where there was 

no record of any reshaping, seeding or planting, were represented by quadrats 

recorded on Greendykes, Mid Breich (except for quadrats recorded in the excavated 

area which had been managed) and Drumshoreland south base.  Quadrats recorded 

on Addiewell south (except for the excavated area), Addiewell north and Oakbank 

represent 'old' managed sites that were reshaped, ameliorated, seeded and planted 

more than 10 years ago (before 1993).  The remaining quadrats recorded on 

Clapperton, Drumshoreland north and the excavated areas at Addiewell south and 

Mid Breich are 'new' managed sites that have been reshaped and/or planted within 

the last five years (since 1998).   

The recorded distribution of species over all 8 sites was used to identify species and 

groups of species that were apparently limited by each of these large-scale physical 

factors.  The total number of species recorded at each of the divisions of measured 

physical environment was identified.  The number of species uniquely recorded at 

each of these divisions was counted.  When an environmental factor was classified in 

three divisions (e.g. elevation and management) additional species that were 

recorded in any two out of three divisions, but not the third, were counted as being 

unique to shared divisions (e.g upper + middle elevation) as an alternative to 

introducing divisions of disassociation.   

Strongly associated species were calculated to include information on species that 

were not unique to a division but were recorded there more frequently than in other 

divisions.  A species was considered to have a strong association with one of the 

divisions if the frequency of records in that division was equal to or more than two 

times the frequency of records in the other division, or in each of the other two 

divisions for elevation and management (i.e. �2:1:1).  Using a �2 test the difference 

between random distributions over the three divisions and this ratio is statistically 

significant in species that are recorded in 15 or more quadrats although statisticians 

do not consider the test to be valid on matrices where more than 20% of cells have 

expected values of less than 5 (Ramsey and Schafer, 1997).  Thus a species could 
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also have a strong association if the number of records in each of two divisions was 

double, or more, the records in the third elevation (e.g. Centaurea nigra was 

recorded in 34 upper, 8 middle and 39 lower quadrats and was counted as having 

strong association with the upper + lower division to represent a strong dissociation 

from the middle division).  The strong association of some species to particular 

division(s) of the physical environment was considered to be an important additional 

indicator of the extent that these factors influence the patterns of vegetation, 

particularly when the distribution of abundant and frequently recorded species like 

Centaurea nigra were apparently limited. 

Monte Carlo analysis of randomisation, a program written by Legg (unpublished), 

was used to test if the number of unique species in a subset of the quadrats was 

significantly different from the number of unique species that would be expected if 

there were no association between the distribution of species and the basis for the 

selection of the subset.  The analysis takes the actual full set of quadrat data being 

tested and extracts a similar-sized subset of quadrats at random (without 

replacement).  The number of unique species in this random subset is calculated.  

This process is repeated many (10,000) times and the frequency distribution of  

the numbers of unique species is accumulated.  The observed number of unique 

species is then compared with this modelled distribution.  If the observed value is 

within the range that contains the 95 percentile of the modelled values then this is 

deemed to be consistent with the null model of no association, while observed values 

outside this range are considered significantly different from expected (P < 0.05). 

A similar analysis for strongly associated species tested the observed number against 

the modelled distribution of strongly associated species obtained from the repeated 

random selection of quadrats as above.  For this analysis it was sometimes necessary  

to construct three subsets of quadrats from the full data set so that the definition of 

'strongly associated' species in the modelled data was the same as that described in 

the previous paragraph.  This analysis was used to show, with statistical significance, 

whether or not groups of species that seemed to be restricted to any particular 

environmental criterion could have occurred by chance.  
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The species allocated to each group were then categorised by their expected 

affiliation to pH (high or low), lifestyle (annual or perennial), established strategy 

(ruderal or stress tolerant) and mode of dispersal (unspecified, wind or animal) 

(Hodgson et al., 1995).  �2 , supported by G-test for contingency tables with any 

number of rows or columns, and Fisher's Exact test for 2 x 2 tables (Legg, 2004), 

was calculated using the number of species associated with each of these 

autecological habits to demonstrate if any variation between groups of species linked 

to each of the divisions of elevation was statistically significant.  Species that were 

not associated with any of the divisions were included in the �2 matrix as an 

additional division. 

The measured angles of slope (0-80o) and percentage bare ground (0-100%) recorded 

in each quadrat and their associated vegetation were analysed by the same method to 

show if species were limited by these factors within the larger topographical and 

management divisions.   

It was not always statistically sound to use the full data set (henceforth referred to as 

the baseline data set) for analyses as many of the species appeared in fewer quadrats 

than there were divisions in the sets of physical environmental data.  A secondary 

data set was therefore constructed using only species recorded in nine or more 

quadrats (species recorded in �8 quadrats were removed from the data set).  This left 

a total of 104 more frequent species (henceforth referred to as the most frequent data 

set) that could (mathematically) each be present at all elevations (5 positions), all 

aspects (the four points of the compass and the four quarters) and on every site (8 

sites).  A full list of the frequently recorded species is presented with autecological 

information in Table 4.13 (after Section 4.2.3 page 100).   

4.2.2 Chemical analyses  

The samples of fresh sieved substrate (section 4.2) were analysed for calcium, 

sodium, phosphorus, potassium, magnesium and nitrogen by Mr A. N. Gray4.  

                                                 

4 Senior Analytical Technician, Institute of Atmospheric and Environmental Science, School of 
GeoSciences, the University of Edinburgh. 
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Nitrogen was extracted from the substrate with 1 M KCl.  10 grams of each sample 

was weighed into plastic bottles and 200 ml of 1 M KCl added.  Bottles were capped 

and shaken on a mechanical shaker for 2 hours.  15 ml of the extract was measured 

into graduated centrifuge tubes and centrifuged at 5000 rpm for 20 minutes.  The 

resulting supernatant liquid was retained for analysis for nitrate (NO3
- -N) and 

ammonium (NH4
+ -N).  Calcium, sodium, phosphorus, potassium and magnesium 

were extracted by the same method using 2.5% acetic acid as the extractant.  

Automated colorimetric analysis was used to measure extractable phosphorus, NO3
- -

N and NH4
+ -N using a Bran + Luebbe Auto Analyzer 3, continuous flow analyser 

(Application Notes G-109-94 row 3 [NO3
- -N] G-103-93 row 1 [P] G-102-93 row1 

[NH4
+ -N]).  Extractable calcium, sodium, potassium and magnesium were 

determined by flame atomic absorption spectroscopy (FAAS) using a Unicam MS 

series spectrometer.   

 Soil pH was measured by glass electrode in a solution of 1 volume of soil to 2 

volumes of distilled water with a Russell (Auchtermuchty) pH meter.   

Bradshaw and Chadwick's (1980) ranges of nutrient requirements for normal plant 

growth were considered most suitable for comparisons with field conditions, as 

described in Section 4.1.  These are presented in parts per million (ppm) in the 

extracted solution therefore the results of the bing substrate analyses (with the 

exception of pH) were converted to ppm for direct comparison.  Alternative nutrient 

requirements available from literature were based on horticultural and agricultural 

requirements for crop nutrition, yield response and related to optimum fertiliser 

applications (Agvise Laboratories, undated; Green Air Products, undated; Mengel 

and Kirkby, 1982). 

4.2.3 Multivariate statistical analyses  

Multivariate analysis techniques were used to demonstrate any combined effects of 

both the measured physical environmental variables and the measured chemical 

environmental variables and the extent to which each of them were associated with 

the variation in vegetation patterns.  The data set containing the most frequent 
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species and the complete baseline data set were analysed separately to determine any 

advantages or disadvantages in retaining rare species in analyses.   

There are several methods of treating multivariate data.  All correspondence analyses 

make the assumption that there is an environmental gradient and that this will be 

reflected in the first axis.  Principal Component Analysis (PCA) was inappropriate 

because the responses from individual species to the environmental gradients were 

not linear (gradient length was more than four standard deviations indicating a 

unimodal response) (ter Braak and Šmilauer, 2002).  Distance along the axis reflects 

the degree of dissimilarity in species composition.  However the increased 

differentiation can cause arch effect, because after a certain distance along the axis 

all points will have no species in common with the original point, and the second 

axis only measures the strength of the arch. For this reason the initial test used was 

Detrended Correspondence Analysis (DCA) (Hill and Gauch, 1980).  Detrending the 

data straightens the arch and rescales the points in the same order as the 

environmental gradient making DCA the most appropriate analysis for the data.  

DCA is geared towards ecological data based on samples and species presented in a 

matrix and although often used to generate hypotheses it can also be used to support 

or reject hypotheses based on observation (McCune and Mefford, 1997).  The 

analysis has the advantage that a second matrix containing measured environmental 

data can be superimposed over a graphical representation of the ordination to help 

identify the main (unnamed) axes of the DCA.  It was not considered necessary to 

transform the percentage cover data when carrying out this analysis.  Canonical 

Correspondence Analysis (CCA) was then used to constrain the initial ordination by 

multiple regression on the measured environmental variables contained in a second 

matrix.  CCA weights samples according to the number of species they contain and 

this means that the distinctiveness of samples with several rare species becomes 

exaggerated.  Many researchers exclude rare species from the analysis for this reason 

(Zuur et al., 2003) or transform the data to boost the influence of rare species in the 

ordination (Sieber et al., 1998).  The sensitivity of CCA to outliers can effectively be 

used to verify data and identify groups of variables that will discriminate between 

samples.  Again it was decided not to manipulate the data.   
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The DCA and CCA analyses were performed using CANOCO 4.5 (ter Braak and 

Šmilauer, 2002).  The analyses were set up as projects in CANOCO using the default 

selections throughout.  DCA of species data only was detretended by segments with 

no transformation of species percentage cover data, no weighting of species or 

samples and no downweighting of rare species, then repeated with the addition of 

supplementary environmental data.  CCA of species and environmental data was 

based on the DCA analysis.  The selected options were to extract patterns from the 

explained variation only, using biplot scaling with no transformation of species data, 

no environmental variables deleted and no forward selection.  CANOCO was also set 

up to perform Monte Carlo permutation tests based on the first ordination axis and 

then on all of the canonical axes using the full model over 499 permutations. 

4.3 Plant Species Distributions 

Plant species distributions with respect to each of the recorded physical parameters 

were initially calculated using both the baseline data set and the most frequent data 

set, as described in Section 4.2.1.  The most frequent species are listed individually at 

the end of this section with the recorded limits of measured physical environment 

and autoecological information for each species (Table 4.13, page 100).  The results 

of ordination by chemical parameters and multivariate analyses of all data are 

recorded in separate sections (4.4 and 4.5). 

4.3.1 Elevation 

The total number of species recorded at each of the upper, middle and lower 

divisions of elevations were identified using the baseline data (211 species).  Species 

were allocated to one of the divisions or shared divisions if they were uniquely 

recorded or statistically strongly associated with that division as described in Section 

4.2.1.  If a species was recorded at all elevations and not strongly associated with any 

category of division it was considered to have no association.  No species were 

allocated to more than one category of division.  Thus species could be allocated to 

any of 13 possible categories of elevation.      

1. Species recorded only at the upper elevation  
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2. Additional species with strong association to upper elevation 

3. Species recorded only at the middle elevation 

4. Additional species with strong association to middle elevation 

5. Species recorded only at the lower elevation 

6. Additional species with strong association to lower elevation 

7. Species recorded only at upper and middle elevations 

8. Additional species with strong association to upper and middle elevations 

9. Species only recorded at lower and middle elevations 

10. Additional species with strong association to lower and middle elevations 

11. Species only recorded at upper and lower elevations 

12. Additional species with strong association to upper and lower elevations 

13. Species with no association to any division of elevation 

Sixty-one species from the baseline data were unique to a main division of elevation 

and a further 48 were unique to a combined division (Table 4.2a).  An additional 65 

species were strongly associated with either a main or combined division. Thirty-

seven species had no association with any elevation.   

The numbers of species associated with each of the divisions of elevation were often 

small and these apparently limited groups of species could be the result of chance 

events.  Monte Carlo analysis (as described in Section 4.2.1 p82) was used to 

determine if the number of species unique to, or strongly associated with, each of the 

divisions of elevation were significantly greater or less than the number expected 

from the null model of no association between vegetation and elevation.  From this 

analysis it was determined that significantly greater numbers of unique species were 

recorded in quadrats positioned in the lower division of elevation (indicated * in 

Table 4.2a) and significantly less than expected numbers of unique species in the 

combined upper + middle and upper + lower divisions (indicated † in Table 4.2a).  

All six of the groups of species deemed to be strongly associated with a division are 

also significantly smaller than expected. 
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Table 4.2 Numbers of species and quadrats by elevation 

The total number of quadrats and species, including cryptogams, recorded at each of 
the divisions of elevation (upper, middle and lower) using a] the baseline data and b] 
the most frequent species data, are displayed.  The numbers of species unique to, and 
strongly associated with, each division and combined division are also shown.  The 
number of recorded quadrats is the same in both data sets.  Monte Carlo analysis 
(Section 4.2.1) tested the significance of the number of species limited to a division 
or combined division by comparison with the number expected from the null model of 
no association between vegetation and elevation.     
* highlights where the number of species unique to, or strongly associated with,  a 
division of elevation is significantly (p<0.05) greater than the number expected.   
†highlights where the combined number of species unique to, or strongly associated 
with, a division of elevation is significantly (p<0.05) less than the number expected.   

ELEVATIONS 
 upper  middle  lower  upper + 

middle 
lower  + 
middle 

upper + 
lower 

a] BASELINE DATA SET (211 species in 340 quadrats) 
number of quadrats 127 78 135 205 213 262 
number of species recorded 133 148 182 170 199 203 
unique species 12  8  *41 †9 29 †10  
strongly associated species †14 †2  †15 †7 †8 †19 
 
b] MOST FREQUENT DATA SET (104 species in 340 quadrats) 
number of species recorded 94 101 101 104 103 104 
unique species *1 0 0 *2 *10 2 
strongly associated species *14 2 *15 †7 †8 †19 

The most frequent data (104 species recorded in 9 or more quadrats, Table 4.13) 

were classified and analysed by the same method (Table 4.2b) revealing significantly 

greater numbers of species unique to the upper (a single species, Agrostis gigantea, 

recorded in 13 of the 127 upper elevation quadrats), upper + middle and lower + 

middle divisions.  Significantly greater numbers of species were also strongly 

associated with the upper and lower divisions (these are the same species that formed 

non-significant groups in the baseline data analysis).  The groups of species strongly 

associated with the three combined divisions remained significantly lower than 

expected. 

The groups of species associated with each elevation were allocated to their expected 

autecological habits (Hodgson et al., 1995) to ascertain if there was any relationship 

between pH, life history, established strategy and mode of dispersal and the divisions 

of elevation.  The habits of the 211 species recorded in the baseline data were used 

for comparison (all species, Table 4.3) and these suggested that there were more than 
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twice as many species associated with high pH than low pH and more than three 

times as many perennials as annuals.  There were, however, similar percentages of 

ruderal and stress tolerant species (24% and 29%) and of the three main modes of 

dispersal (unspecified 30%, wind 46%, animal 24%).  The species recorded in the 

most frequent data set (most frequent species, Table 4.3) are distributed in 

statistically similar proportions between the autecological habits (p = 0.914).   

Table 4.3 Species habits associated with elevation 

Species solely and strongly associated with each of the elevation divisions and those 
species with no apparent association to any elevation, that share particular 
autecological habits, are presented as percentages.  This demonstrates the 
variability of species type associated with different elevations (upper, upper + 
middle, middle, lower + middle, lower, upper + lower, from Table 4.2a). The 
percentages of all species and the most frequent species, recorded on the bings that 
share the same habit are also presented.  Autecological values were adapted from 
Hodgson et al. (1995). 

Experiment-wise �2 (contingency tables with seven rows and two or three columns) 
has been calculated between the divisions of elevation by comparing the numbers of 
species (presented as percentage in the table) in the columns representing each of 
the ranges of autecological habit, pH, life history, established strategy and mode of 
dispersal.  P<0.05 demonstrates a significant deviance from the expected in the 
distribution of species between the columns 

A comparison-wise �2 (2x2 or 2x3 table) has been calculated within each 
autecological habit to test for significant deviance in the proportion of species 
recorded at individual elevations from the numbers recorded for all 
species(indicated by †).   

Habit no. 
of  

pH Life history Established 
strategy 

Mode of dispersal 

elevation spp >6 <5 annual perennial R* S* unsp. wind animal 
upper 26 27 8 †46 †54 35 23 38 46 16 
upper/mid 16 19 19 38 62 44 25 50 44 6 
middle 10 30 10 10 90 10 20 10 70 20 
lower/mid 37 30 19 11 89 †5 †30 30 38 32 
lower 56 34 9 11 89 14 14 46 33 21 
upper/low 29 †55 †3 14 86 17 31 31 41 28 
no assoc'n 37 †5 †19 16 84 21 21 †0 †68 †32 
all species 211 37 16 22 78 24 29 30 46 24 
mostfreq't 104 35 13 27 73 27 24 36 37 27 
�

2   
p  

17.617  
0.007 

21.769 
0.001 

8.468 
0.206 

33.244 
0.001 
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The columns representing each of the ranges of autecological habit were compared 

using an experiment-wise �2 calculation (described in Section 4.2.1.) to determine 

any significant deviation from the expected distribution of species between the 

columns as explained in the legend of Table 4.3.  The analysis revealed significant 

variation in pH, life history and mode of dispersal associated with divisions of 

elevation. 

A similar comparison-wise �2 was then calculated within each habit to test for 

significant deviation in the proportion of species recorded at individual divisions of 

elevation from the numbers recorded for all species (Section 4.2.1 and Table 4.3).   

The analysis recognized significant deviations in individual divisions of elevation 

associated with pH (upper + lower and no association), life history (upper) and mode 

of dispersal (no association) that explain the identified experiment-wise variation.   �2 

also identified a significant deviance in the proportion of species recorded at the 

lower + middle elevations from the numbers recorded for all species for R* and S*, 

established strategy, although there was no significant deviation between the two 

columns. 

4.3.2 Aspect 

As described in Section 4.2.1 the 211 species recorded on the bings were divided by 

their occurrence in quadrats sampled in either the north and east facing aspects (192 

quadrats) or the south and west facing aspects (148 quadrats).  The species in the 

base data were allocated to one of the divisions if they were uniquely recorded or 

statistically strongly associated with that division as described in Section 4.2.1.  If a 

species was recorded at both aspects and not strongly associated with any category of 

division it was considered to have no association (Table 4.4a).  The numbers of 

species associated with the divisions of aspect were either not significant or 

significantly lower than expected.   

The distribution of species and analysis was repeated with the frequent species data 

identifying two species (significantly greater than expected), Peltigera canina (12 

quadrats) and Calluna vulgaris (11 quadrats), that were unique to the north and east 

facing aspects (Table 4.4b).  The significantly lower than expected numbers of 
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species associated with divisions of environment seem to be compounded by the low 

abundance of some species (see also Tables 4.2a and 4.2b).    

Table 4.4 Numbers of species and quadrats by aspect 

The total number of quadrats and species, including cryptogams, recorded at each of 
the divisions of aspect (north and east facing or south and west facing) using a] the 
baseline data and b] the most frequent species data, are displayed.  The numbers of 
species unique to and strongly associated with, each division are also shown.  The 
number of recorded quadrats is the same in both data sets.  Monte Carlo analysis 
(Section 4.2.1) tested the significance of the number of species limited to a division 
by comparison with the number expected from the null model of no association 
between vegetation and elevation.     
* highlights where the number of species unique to, or strongly associated with,  a 
division of aspect is significantly (p<0.05) greater than the number expected.   
†highlights where the number of species unique to, or strongly associated with, a 
division of aspect is significantly (p<0.05) less than the number expected.  

                                    ASPECTS 
 north and east facing south and west facing 
a] BASELINE DATA SET (211 species in 340 quadrats) 
number of quadrats 192 148 
number of species recorded 190 177 
unique species 34 21 
strongly associated species †40 †13 
   
b] MOST FREQUENT DATA SET (104 species in 340 quadrats) 
number of species recorded 104 102 
unique species *2 0 
strongly associated species 22 2 

The groups of species associated with each aspect were allocated to their expected 

autecological habits (Hodgson et al., 1995) and statistically analysed, as described in 

Section 4.3.1 for elevation (Table 4.5).  The variation between the R* and S* 

columns of established strategy is significant due to deviation from the expected ratio 

in the group of species with no association to either of the two aspects.   There is also 

significant variance between the modes of dispersal but this cannot be linked 

(significantly) to any division of aspect. 
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Table 4.5 Species habits associated with aspect 

Species solely and strongly associated with each of the aspect divisions and those 
species with no apparent association to either aspect, that share particular 
autecological habits, are presented as percentages.  This demonstrates the 
variability of species type associated with different aspects (Table 4.4a). The 
percentages of all species recorded on the bings that share the same habit are also 
presented. The comparative data for most frequent species is not displayed in this or 
subsequent tables as there is no significant variance from the baseline data (all 
species). Autecological values were adapted from Hodgson et al. (1995). 

Experiment-wise and comparison-wise �2 has been calculated between the divisions 
of aspect as described for divisions of elevation in the legend of Table 4.3.  P<0.05 
demonstrates a significant deviance from the expected in the distribution of species 
between the columns.  Significant deviance in the proportion of species recorded at 
individual aspects from the numbers recorded for all species is indicated by †.   

Habit no. 
of  

pH Life history Established 
strategy 

Mode of dispersal 

aspect spp >6 <5 annual perennial R* S* unsp. wind animal 
north and 
east 
facing 

74 26 12 12 88 13 26 23 61 16 

south and 
west 
facing 

34 24 12 15 85 12 18 36 32 32 

no assoc'n 103 33 13 24 76 †37 †22 35 38 27 
all species 211 37 16 22 78 24 29 30 46 24 
�

2   
p  

0.247 
0.884 

4.573                      
0.102 

6.732        
0.035 

12.018                         
0.017 

4.3.3 Management 

The quadrats were grouped according to the management regime of the area of the 

recording site (unmanaged - with no record of any reshaping, seeding or planting; old 

managed - that were reshaped, ameliorated, seeded and planted before 1993; new 

managed - that have been reshaped and/or planted since 1998.  quadrat allocation to 

each of the regimes is described in Section 4.2.1), resulting in six possible divisions 

or combined divisions: unmanaged, old managed, new managed, unmanaged + old 

managed, old + new managed and unmanaged + new managed.  Recorded species 

that were unique to or strongly associated with a division or combined division were 

identified, as were those species with no apparent link to any division (as for 

elevation).   
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Table 4.6 Numbers of species and quadrats by management 

The total number of quadrats and species, including cryptogams, recorded at each of 
the divisions of management (unmanaged, old managed and new managed) using a] 
the baseline data and b] the most frequent species data, are displayed.  The numbers 
of species unique to, and strongly associated with, each division and combined 
division are also shown.  The number of recorded quadrats is the same in both data 
sets.  Monte Carlo analysis (Section 4.2.1) tested the significance of the number of 
species limited to a division or combined division by comparison with the number 
expected from the null model of no association between vegetation and elevation.     
* highlights where the number of species unique to, or strongly associated with,  a 
division of management is significantly (p<0.05) greater than the number expected.   
†highlights where the number of species unique to, or strongly associated with, a 
division of managemant is significantly (p<0.05) less than the number expected.   

MANAGEMENT REGIMES 
 un-

managed  
old 
managed  

new 
managed 

un- + old 
managed 

old + new 
managed 

un- + new 
managed  

a] BASELINE DATA SET (211 species in 340 quadrats) 
number of quadrats  111 116 113 227 229 224 
number of species recorded  132 150 128 193 194 161 
unique species 17 *50 18 †16 †12 †25 
strongly associated species †11 †16 †9 †5 †5 †6 
       
b] MOST FREQUENT DATA SET (104 species in 340 quadrats) 
number of species recorded 89 83 92 100 104 97 
unique species 0 *7 *4 *5 *4 *17 
strongly associated species *8 *15 *9 †6 †4 †6 

The number of quadrats and number of species from the baseline data recorded from 

the quadrats in each of the three main management regimes were similar (Table 

4.6a), however a highly significant one third (50) of species recorded on old 

managed sites were unique to this regime.  The numbers of species unique to and 

strongly associated with un-managed and new managed regimes were not significant 

or significantly less than expected.   

The numbers of unique species from the most frequent data recorded in both the old 

and new managed regimes and the three combined management divisions were 

significantly greater than expected (Table 4.6b).  Despite none of the species being 

unique to unmanaged sites there were significantly higher than expected numbers of 

strongly associated species at all three divisions (unmanaged, old managed and new 

managed).   The numbers of species strongly associated to the combined divisions, 

however, were significantly lower than expected. 
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The species associated with each of the management regimes were linked to their 

expected autecological habits (Hodgson et al., 1995) so that any shared traits within a 

division could be identified (Table 4.7).  The habits that showed significant variance 

with management were pH, life history and established strategy. 

There is significant variance from pH ratio of all species in the ratio of species 

associated with old managed division, and a similar variance from established 

strategy associated with old managed (high proportion of stress tolerant species) and 

new managed divisions (high proportion of ruderal species).  The new managed 

division had a single stress tolerant species, Anthyllis vulneraria.  The variance in life 

history ratio is significant in species groups at old managed and un+new managed 

(high proportion of perennials), and at new managed and un+old managed (high 

proportion of annuals).   There was no significant variation in the ratios of dispersal 

mode in species associated with any of the divisions of management regime. 

Table 4.7 Species habits associated with management 

Species solely and strongly associated with each of the management divisions and 
those species with no apparent association to any division, that share particular 
autecological habits, are presented as percentages.  This demonstrates the 
variability of species type associated with different management regimes (Table 
4.6a). The percentages of all species recorded on the bings that share the same habit 
are also presented.  Autecological values were adapted from Hodgson et al. (1995). 

Experiment-wise and comparison-wise �2 has been calculated between the divisions 
of management as described for divisions of elevation in the legend of Table 4.3.  
P<0.05 demonstrates a significant deviance from the expected in the distribution of 
species between the columns.  Significant deviance in the proportion of species 
recorded at individual management divisions from the numbers recorded for all 
species is indicated by †.   

Habit no. 
of  

pH Life history Established 
strategy 

Mode of dispersal 

manag'nt spp >6 <5 annual perennial R* S* unsp. wind animal 
un- 28 36 11 11 89 7 21 32 50 18 
old  66 †14 †18 †7 †93 †7 †35 30 36 33 
new 27 33 4 †52 †48 †48 †4 30 52 18 
un- +old 21 37 3 †41 †59 41 19 37 48 15 
old+new 17 17 24 12 88 17 29 35 41 24 
un- +new 32 52 9 †0 †100 5 14 28 48 24 
no assoc'n 20 40 15 5 95 10 20 30 40 30 
all species 211 37 16 22 78 24 29 30 46 24 
�

2   
p  

17.098  
0.009 

48.999 
0.000 

26.623 
0.000 

6.295 
0.900 



The West Lothian Question 

 96 Chapter 4 

4.3.4 Angle of slope 

Angle of slope varied within the divisions of elevation, aspect and management at all 

eight bing sites.  Quadrats were recorded on angles of slope from 0o (flat) up to 80o, 

almost vertical.  The quadrats were grouped by angle of slope into divisions: flat (0o), 

gentle slope (>0-30o) and steep slope (>30o) and the species allocated to their unique, 

or strongly associated, division or divisions (Table 4.8).   

Table 4.8 Numbers of species and quadrats by angle of slope 

The total number of quadrats and species, including cryptogams, recorded at each of 
the divisions of angle of slope (flat, gentle and steep) using a] the baseline data and 
b] the most frequent species data, are displayed.  The numbers of species unique to, 
and strongly associated with, each division and combined division are also shown.  
The number of recorded quadrats is the same in both data sets.  Monte Carlo 
analysis (Section 4.2.1) tested the significance of the number of species limited to a 
division or combined division by comparison with the number expected from the null 
model of no association between vegetation and elevation.     
* highlights where the number of species unique to, or strongly associated with,  a 
division of angle of slope is significantly (p<0.05) greater than the number expected.   
†highlights where the number of species unique to, or strongly associated with, a 
division of angle of slope is significantly (p<0.05) less than the number expected..   

ANGLE OF SLOPE 
 0o        

flat  
>0-30o      
gentle 

>30o    
steep 

0o +    
>0-30o 

>0-30o +  
>30o 

0o +    
>30o 

a] BASELINE DATA SET (211 species in 340 quadrats) 
number of quadrats  125 117 98 242 215 223 
number of species recorded  164 177 144 199 196 194 
unique species 15 17 12 35 †18 †7 
strongly associated species †12 †8 †5 †28 †4 †0 
       
b] MOST FREQUENT DATA SET (104 species in 340 quadrats) 
number of species recorded 103 102 93 104 104 104 
unique species 0 0 0 *11 1 2 
strongly associated species *12 6 3 †28 †4 †0 

There were groups of species from the baseline data (Table 4.8a) uniquely recorded 

at each of the three main divisions of inclination (0o, >0-30o, >30o) but none of these 

were in significant numbers.  The numbers of species that were unique to, and 

strongly associated with, the combined divisions were all significantly lower than 

expected however, as were the groups of species strongly associated with the main 

divisions.    
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There were no unique species from the most frequent data (table 4.8b) recorded at 

any of the main divisions of inclination but the group of species strongly associated 

with flat ground was significantly larger than expected.  There was a significantly 

larger than expected group of species unique to the combined 0o + >0-30o division 

and significantly lower than expected numbers of species strongly associated with all 

three of the combined divisions. 

The species associated with each of the divisions of inclination were linked to their 

expected autecological habits (Hodgson et al., 1995) and dissimilarities in pH, life 

history, established strategy and mode of dispersal linked to angle of slope were 

identified (Table 4.9).   

Table 4.9 Species habits associated with angle of slope 

Species solely and strongly associated with each of the angle of slope divisions and 
those species with no apparent association to any division, that share particular 
autecological habits, are presented as percentages.  This demonstrates the 
variability of species type associated with different angles of slope (Table 4.8a). The 
percentages of all species recorded on the bings that share the same habit are also 
presented.  Autecological values were adapted from Hodgson et al. (1995). 

Experiment-wise and comparison-wise �2 has been calculated between the divisions 
of angle of slope as described for divisions of elevation in the legend of Table 4.3.  
P<0.05 demonstrates a significant deviance from the expected in the distribution of 
species between the columns.  Significant deviance in the proportion of species 
recorded at individual divisions from the numbers recorded for all species is 
indicated by †.   

Habit no. 
of  

pH Life history Established 
strategy 

Mode of dispersal 

angle   spp >6 <5 annual perennial R* S* unsp. wind animal 
flat 27 37 4 †48 †52 33 33 41 41 18 
gentle  25 20 20 12 88 8 28 48 36 16 
steep 17 24 12 6 94 6 6 24 64 12 
flat/gent 63 25 11 25 75 27 29 †41 †29 †30 
gent/steep 22 41 14 †0 †100 5 0 18 59 23 
flat/steep 7 14 14 14 86 0 29 29 57 14 
no assoc'n 50 32 14 10 90 20 22 18 52 30 
all species 211 37 16 22 78 24 29 30 46 24 
�

2   
p  

4.764    
0.574 

27.715  
0.000 

5.169  
0.522 

21.482  
0.044 

The life history habit showed significant variance between annual and perennial 

species, and mode of dispersal, associated with divisions of angle of slope.  A 
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significantly high proportion of annuals were recorded on flat ground and a 

significantly high proportion of perennials on the combined gentle+steep division.  

There was significant variance from all species at the flat+gentle division in the 

proportion of specialised wind dispersed species (lower than expected).   

4.3.5 Percentage bare ground 

Variation in percentage of bare ground was also within the larger scale measures of 

physical environment, elevation, aspect and management.  Quadrats were recorded 

with percentages of bare ground from 0% (complete cover) to >99%.  Only one of 

the 340 recording quadrats had 100% bare ground and no species.  The quadrats were 

grouped into two divisions; those with 0-50% bare ground, indicating high 

vegetation cover, and those with >50% bare ground indicating low vegetation cover 

(Table 4.10).   

Table 4.10 Numbers of species and quadrats by bare ground 

The total number of quadrats and species, including cryptogams, recorded at each of 
the divisions of bare ground (high cover and low cover) using a] the baseline data 
and b] the most frequent species data, are displayed.  The numbers of species unique 
to, and strongly associated with, each division are also shown.  The number of 
recorded quadrats is the same in both data sets.  Monte Carlo analysis (Section 
4.2.1) tested the significance of the number of species limited to a division by 
comparison with the number expected from the null model of no association between 
vegetation and elevation.     
* highlights where the number of species unique to, or strongly associated with,  a 
division of bare ground is significantly (p<0.05) greater than the number expected.   
†highlights where the number of species unique to, or strongly associated with, a 
division of bare ground is significantly (p<0.05) less than the number expected.   

                                    BARE GROUND 
 0-50% (high cover) >50% (low cover) 
a] BASELINE DATA SET (211 species in 340 quadrats) 
number of quadrats 242 98 
number of species recorded 202 126 
unique species *85 9 
strongly associated species †77 22 
   
b] MOST FREQUENT DATA SET (104 species in 340 quadrats) 
number of species recorded 104 89 
unique species *15 †0 
strongly associated species †59 †17 
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Significantly higher than expected numbers of unique species were recorded in 

quadrats with high cover in both the baseline and most frequent species data although 

the numbers of species strongly associated with high cover was significantly lower 

than expected in both data sets.  There were significantly higher than expected 

numbers of most frequent species strongly associated to quadrats with low cover.  

Four of these frequent species; Cardamine hirsuta (11 records), Stellaria media (26 

records), Reseda luteola (42 records) and Senecio viscosus (69 records) were 

strongly associated with >70% bare ground.     

The groups of species associated with each of the divisions of high and low 

percentage of bare ground were allocated to their expected autecological habits 

(Hodgson et al., 1995) and any relationship between pH, life history, established 

strategy or mode of dispersal, and ground cover were identified (Table 4.11).   

Table 4.11 Species habits associated with percentage bare ground 

Species solely and strongly associated with each of the percentage bare ground 
divisions and those species with no apparent association to either division, that share 
particular autecological habits, are presented as percentages.  This demonstrates the 
variability of species type associated with different percentages of bare ground 
(Table 4.10a). The percentages of all species recorded on the bings that share the 
same habit are also presented.  Autecological values were adapted from Hodgson et 
al. (1995). 

Experiment-wise and comparison-wise �2 has been calculated between the divisions 
of bare ground as described for divisions of elevation in the legend of Table 4.3.  
P<0.05 demonstrates a significant deviance from the expected in the distribution of 
species between the columns.  Significant deviance in the proportion of species 
recorded at individual divisions from the numbers recorded for all species is 
indicated by †.   

Habit no. 
of  

pH Life history Established 
strategy 

Mode of dispersal 

cover spp >6 <5 annual perennial R* S* unsp. wind animal 
0-50% 162 28 15 †7 †93 †9 †26 31 42 27 
>50% 31 32 0 †77 †23 †74 †3 42 52 6 
no assoc'n 18 28 11 17 83 17 28 28 44 28 
all species 211 37 16 22 78 24 29 30 46 24 
�

2  
p  

5.020 
0.081 

87.931  
0.000 

34.222   
0.000 

6.202  
0.185 

Life history and established strategy habits were significantly different between the 

two categories of percentage bare ground and also varied significantly from all 
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species. Species associated with high cover (0-50% bare ground) are significantly 

more likely to be perennial and stress tolerant and those associated with low cover 

(>50% bare ground) are significantly more likely to be annual and ruderal.  There 

was no significant variance in mode of dispersal or pH although the proportion of 

species associated with low ground and pH <5 was significantly lower than that for 

all species. 

4.3.6 Synthesis of plant species distributions by physical environment 

Significantly more species than expected by random assortment were unique to 

and/or associated with measured variables in the physical environment, elevation 

(Table 4.2), aspect (Table 4.4), management (Table 4.6), angle of slope (Table 4.8) 

and bare ground (Table 4.10).  A summary of the results shows that more than half of 

all species recorded were uniquely limited to divisions of management and elevation, 

almost half to divisions of angle of slope and percentage bare ground and a quarter 

were limited to divisions of aspect (Table 4.12).  The proportion of most frequent 

species recorded that were limited by each of these factors was much lower but a 

significant 36% appeared to be limited by management. 

Table 4.12 Summary table of numbers of plant species limited by physical 

environment 

The recorded species limited by each of the measured physical environmental factors 
is presented as number and percentage of the full data set (211 species) and the most 
frequent data set (104 species) 

 all species most frequent species 
 number % number % 

elevation 109 52 16 15 
aspect 55 26 2 2 
management 138 65 37 36 
angle of slope 93 44 14 13 
bare ground 94 45 15 14 

The variability of expected autecological habits of groups of species was significant 

within each of the environmental factors.  Distribution of species between the 

divisions of elevation (Table 4.3) was linked significantly to life history (annual or 

perennial), mode of dispersal and pH.   Distributions by aspect (Table 4.5) were 

linked significantly to establishment strategy (ruderal or stress tolerant) and mode of 
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dispersal.  pH, life history and establishment strategy were significantly varied 

between divisions of management (Table 4.7).  Significant variation was found in  

life history between divisions of angle of slope (Table 4.9), and in both life history 

and established strategy between divisions of bare ground (Table 4.11).  

Each of the 104 most frequent species was strongly associated with, though not 

necessarily limited to, at least one of the five measured environmental factors (Table 

4.13).  The most widely distributed species were Cirsium vulgare and Pottia 

davalliana, constrained only by management and strongly associated with new 

managed sites, Sambucus nigra, constrained only by bare ground and strongly 

associated with more than 50% cover and Urtica dioica, constrained only by 

elevation and strongly associated with lower elevations.  Twenty-five of the most 

frequent species were wholly limited by more than one of the measured criteria.  

Calluna vulgaris (11 quadrats), for example, was limited by all five criteria and was 

recorded only on old managed bings, at upper+middle elevations, with less than 30o 

slope, less than 50% bare ground and facing towards the cooler north and east 

aspects.  Polytrichum commune, also recorded in 11 quadrats, was not wholly limited 

to any one division of any of the physical environmental factors, although it was 

strongly associated with divisions of all five criteria.  Rubus fruticosus (16 quadrats) 

was also not limited, yet R. idaeus (17 quadrats) a closely related species with similar 

autecological habits, was only recorded in quadrats on the lower and middle 

elevations with high vegetation cover.  Tripleurospermum inodorum (38 quadrats), 

Senecio viscosus (69 quadrats) and Reseda luteola (42 quadrats) were only recorded 

on unmanaged or newly managed sites, never on older managed sites.   

Four of the most frequent species were sown during management (West Lothian 

Council, various dates).  Agrostis gigantea is listed as part of a seed mix used during 

reclamation of Addiewell north, and Lupinus nootkatensis, Poa trivialis and 

Sanguisorba minor are listed in the seed mixes for Oakbank.  A. gigantea (13 

quadrats), L. nootkatensis (10 quadrats) and P. trivialis (16 quadrats) were only 

recorded in positions where they are known to be sown or planted.  S. minor (23 

quadrats) was recorded in 19 quadrats at Oakbank and also in 4 quadrats at 
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Addiewell south where there is no record of the species in seed mixes used during 

restoration of this site; because of this it is assumed to be a natural colonist.  

Table 4.13 The most frequent species 

Species name, number of quadrats recorded (from 340 in baseline survey), mean 
cover where present (as a measure of abundance) are presented with the recorded 
limits of measured physical environment for each of the 104 most frequent species.  
Autoecological information for vascular species is adapted from Hodgson et al, 
(1995) with additional information from Grime et al. (1988) and for cryptogams has 
been gathered from Purvis et al. (1992), Smith (1978) and Smith et al. (2002).  
* denotes species that are listed in management plans for sites and are limited to the 
areas of the bings where they were seeded or planted.  Lower case and italics 
indicate species that were strongly associated with, but not unique to, the division. 

Keys 
Elevation: U = recorded only at upper elevations; U+M = recorded at upper and middle 
elevations but not lower elevations; L+M = recorded at lower and middle elevations but not 
upper elevations; U+L = recorded at upper and lower elevations but not middle elevations.  
Aspect: COOL = recorded only at aspects between 315o, NW, and 134o, SE; WARM = 
recorded only at aspects between 135o,SE, and 314o, NW 
Management: OM = recorded only on old managed sites; NM = recorded only on newly 
managed sites; UM = recorded only on unmanaged sites; U+O = recorded on unmanaged 
and old managed sites but not on newly managed sites; O+N = recorded on old and new 
managed sites but not unmanaged sites; U+N = recorded on unmanaged and newly 
managed sites but not on old managed sites.   
Angle of slope: F+G = recorded at 0o (flat) and 0-30o(gentle slopes) not steep slopes; G+S 
= recorded at 0-30o (gentle slopes) and >30o (steep slopes) not on flat ground; F+S = 
recorded at 0o (flat) and >30o (steep slopes) not on gentle slopes                                    
Bare ground: 0-50% = recorded with high vegetation cover 
Soil pH: The numeral indicates the modal pH class for the species followed by a letter 
indicating the number of pH classes in which the frequency of the species exceeds 50% of 
that in its modal class.  Thus 5a indicates that the species is most frequent within the range 
5-5.9 and has a range of only 1 pH unit.  In contrast 4d indicates a mode within the interval 
pH 4-4.9 and a range of 4 pH units. 
Life history: P = perennial; A = annual; B = biennial.  
Established (est.) strategy: allocation to C-S-R (competitive, stress-tolerant or ruderal) 
strategies as described in Chapter Three, Section 3.1.4.  Besides the three primary strategies 
(C, S and R) there are four secondary strategies (CR, SC, SR and CSR) and twelve tertiary 
strategy types (e.g. CR/CSR and R/SR) making a total of nineteen functional types in all.  
Agency of (propagule) dispersal: WINDp = wind dispersed, dispersule plumed or 
wrapped in hairs; WINDw = seeds winged or flattened; WINDc = seeds small/minute and 
shed from a capsule; ANIMa = animal dispersed, dispersule with awn; ANIMb = animal 
dispersed, dispersule an adhesive burr; ANIMi = dispersed, ingested berry; ANIMe = 
animal dispersed, seed dispersed by ants; UNSP = unspecialised; UNSPag = unspecialised 
but dispersed widely as a result of agricultural practices; AQUAT = dispersed by water 
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Acer pseudoplatanus  9 1.44 L+M warm U+O >0-30+>30 0-50% 7e P C/SC WINDw 
Achillea millefolium  10 6.90 L+M - U+N 0+>0-30 0-50% 5c P CR/CSR WINDw 
Agrostis gigantea*  13 11.54 U - OM 0+>0-30 0-50% 6c P CR UNSP 
Alliaria petiolata 9 2.33 l cool U+N 0 - 6b P CR UNSP 
Alnus glutinosa*   16 1.75 L+M - OM 0+>0-30 0-50% 6d P SC WINDw 
Angelica sylvestris  11 9.27 m cool U+O >0-30+>30 0-50% 5d P C/CR AQUAT 
Anthoxanthum odoratum 15 7.73 l cool u+n 0 0-50% 5b P SR/CSR ANIMa 
Anthriscus sylvestris 20 2.90 l cool u+o >0-30+>30 0-50% 7c P CR UNSP 
Arctium minus 13 11.62 l cool U+N >30 0-50% 7a P CR ANIMb 
Arenaria serpyllifolia  21 1.95 u - U+N 0 - 7a A SR WINDc 
Arrhenatherum elatius  133 15.42 u+l - - - 0-50% 7c P C/CSR ANIMa 
Bellis perennis  9 3.22 u+l cool - 0+>0-30 0-50% 7c P R/CSR UNSP 
Betula pendula  63 7.86 l - - - 0-50% 3b P C/SC WINDw 
Bryum pallens 12 2.75 L+M - U+N >0-30 0-50% basic P - WINDc 
Calluna vulgaris  11 37.36 U+M COOL OM 0+>0-30 0-50% 3a P SC WINDc 
Cardamine hirsuta  11 1.00 u - U+N 0+>30 >50% 7a A SR WINDw 
Centaurea nigra  81 10.07 u+l - u+o - 0-50% 7c P CSR UNSP 
Cerastium fontanum  84 2.15 - - - 0 0-50% 5c P R/CSR UNSP 
Cerastium glomeratum  15 1.53 m - NM 0 >50% 7c A R/SR WINDc 
Chamerion angustifolium 141 8.45 l - - - 0-50% 4d P C WINDp 
Chenopodium album  11 1.36 - - O+N 0 >50% 6c A R/CR UNSP 
Cirsium arvense 108 5.59 l - nm - 0-50% 5c P C WINDp 
Cirsium vulgare   41 1.68 - - nm - - 5c P CR WINDp 
Cladonia fimbriata 25 4.44 l - um - 0-50% - P - WIND 
Crataegus monogyna 39 4.77 u+l - o+n - 0-50% 7c P SC ANIMi 
Cynosurus cristatus  13 6.77 u - U+O 0+>0-30 0-50% 6c P CSR UNSPag 
Cytisus scoparius   38 8.79 l+m - om 0+>0-30 0-50% 4c P SC ANIMe 
Dactylis glomerata  79 9.01 u+l - - 0+>0-30 0-50% 7c P C/CSR UNSPag 
Dactylorhiza fuchsii  31 1.42 u+l - O+N 0+>0-30 0-50% 7c P S/CSR WINDc 
Deschampsia cespitosa 37 17.59 l cool - 0+>0-30 0-50% 5c P SC/CSR ANIMa 
Deschampsia flexuosa   123 39.05 - - om 0+>0-30 0-50% 3a P S/SC ANIMa 
Epilobium hirsutum  14 6.43 L+M - u+n 0+>0-30 - 7b P C WINDp 
Epilobium montanum   60 1.88 l+m - nm - 0-50% 7c P CSR WINDp 
Euphrasia nemorosa 53 3.53 u+l - - 0+>0-30 0-50% 7b A SR WINDc 
Festuca ovina  79 15.47 u - U+N - - W3 P S ANIMa 
Fragaria vesca  21 20.00 u+l - u+o 0+>0-30 0-50% 7a P CSR ANIMi 
Galeopsis tetrahit   9 1.00 - - NM 0+>0-30 >50% 6b A R/CR UNSPag 
Galium aparine  27 6.26 l+m warm om 0+>0-30 0-50% 7c A CR ANIMb 
Heracleum sphondylium  52 4.67 u+l - um - 0-50% 5c P CR WINDw 
Holcus lanatus   182 21.08 u+l - u+o 0+>0-30 0-50% 5c P CSR UNSP 
Holcus mollis  45 10.89 l+m - o+n >0-30+>30 0-50% 4b P C/CSR ANIMa 
Hypnum cupressiforme 113 24.11 u+l cool - - 0-50% wide P - WINDc 
Hypochoeris radicata  61 3.18 u+l - - - 0-50% 5b P CSR WINDp 
Lathyrus pratensis 42 7.45 l - om 0+>0-30 0-50% 5c P CSR UNSP 
Leucanthemum vulgare   124 8.39 u+l - - - 0-50% 7a P C/CSR UNSPag 
Linaria vulgaris  24 5.00 l+m cool nm >30 0-50% 6c P CR WINDc 
Linum catharticum  22 1.95 U+L cool um 0 0-50% 7a A SR UNSP 
Lophocolea cuspidata 64 27.14 l cool om 0+>0-30 0-50% - P - WIND 
Lotus corniculatus  15 12.20 u+l cool - 0 0-50% 7c P S/CSR UNSP 
Lupinus nootkatensis* 10 10.60 u - OM >0-30 0-50% - P C ANIM 
Luzula multiflora   9 3.33 U+L cool o+n 0+>30 0-50% 4d P S ANIMe 
Matricaria discoides  15 1.27 u+m warm NM 0+>0-30 >50% 7c A R UNSP 
Medicago lupulina 40 11.85 l - u+n 0+>0-30 0-50% 7a A R/SR UNSP 
Myosotis arvensis  66 2.39 u - nm - >50% 6b A R/SR ANIMa 
Odontites verna 25 2.68 l cool u+n 0+>0-30 0-50% 7c A R WINDc 
Papaver dubium  9 1.89 l+m cool U+N 0 >50% 6c A R WINDc 
Peltigera canina 12 6.00 m COOL U+O >0-30+>30 0-50% - P - WIND 
Pilosella officinarum 32 4.84 u+l - u+n - - 7c P S/CSR WINDp 
Plantago lanceolata  104 7.85 u+l - u+o - 0-50% 7c P CSR ANIMm 
Plantago major 10 2.20 l - U+N 0+>0-30 0-50% 7b P R/CSR ANIMm 
Poa annua  11 7.91 u - O+N 0 0-50% 7c A R UNSPag 
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Poa nemoralis  28 10.29 L+M - o+n 0+>0-30 0-50% 6d P S/CSR UNSP 
Poa trivialis*  16 20.31 u - OM >0-30 0-50% 7c P CR/CSR UNSPag 
Polygonum aviculare  19 1.21 m - U+N 0+>0-30 >50% 6c A R UNSPag 
Polygonum maculosa 19 1.42 u+m - U+N 0+>0-30 >50% 5b A R UNSPag 
Polytrichum commune 11 16.45 u+l cool om 0 0-50% acid P - WINDc 
Polytrichum juniperum 19 15.53 - - um >30 - acid P - WINDc 
Potentilla erecta  10 7.70 u - OM 0+>0-30 0-50% 4b P S/CSR UNSP 
Pottia davalliana 9 7.22 - - nm - - basic P - WINDc 
Prunella vulgaris  29 2.72 u+l - om - 0-50% 5a P CSR ANIMm 
Ranunculus acris  19 1.84 U+M - O+N 0+>0-30 0-50% 6c P CSR ANIMa 
Ranunculus repens 89 7.99 l - - - 0-50% 6c P CR ANIMa 
Reseda luteola  42 3.76 u+m - U+N - >50% 6b B R/CSR WINDc 
Rhinanthus minor   28 2.54 u - om 0+>0-30 0-50% 5b A R/SR WINDc 
Rhytidiadelphus squarrosus 45 29.47 u+l cool om - 0-50% - P - WINDc 
Rosa canina agg. 17 1.94 l - um - 0-50% 7b P SC ANIMi 
Rubus fruticosus agg. 16 10.94 l - um 0 0-50% 4b P SC ANIMi 
Rubus idaeus  17 28.53 L+M - - - 0-50% 4d P SC ANIMi 
Rumex acetosa   28 4.36 u - om 0+>0-30 0-50% 5c P CSR WINDw 
Rumex acetosella 17 4.00 l - U+O - - 4c P SR/CSR UNSP 
Rumex crispus  20 2.90 u+l - u+n 0+>0-30 - 6b P R/CR UNSP 
Rumex obtusifolius  26 4.08 l+m - nm 0+>0-30 - 7c P CR ANIMa 
Sagina procumbens 27 4.41 u - nm - >50% 5c P R/CSR UNSPc 
Salix caprea 33 4.15 l cool - - 0-50% 6a P C WINDp 
Sambucus nigra  11 3.45 - - - - 0-50% 5c P C ANIMi 
Sanguisorba minor*  23 8.52 u - OM - 0-50% 5c P S UNSP 
Senecio jacobaea  77 2.65 - - um - 0-50% 7a P R/CR WINDp 
Senecio viscosus  69 5.28 u+m - U+N - >50% 7c A R WINDp 
Senecio vulgaris  23 2.04 u+m - U+N 0+>0-30 >50% 7a A R WINDp 
Sonchus asper  28 1.57 m - nm - >50% 7c A R/CR WINDp 
Sorbus aucuparia  13 2.31 L+M - om 0+>0-30 0-50% 3a P SC ANIMi 
Stellaria media   26 3.04 u - NM 0+>0-30 >50% 6c A R UNSPag 
Taraxacum officinale agg. 34 2.32 l cool o+n - 0-50% 7b P R/CSR WINDp 
Trifolium campestre  46 6.74 u+l - um 0 0-50% 6c A SR ANIMa 
Trifolium pratense  29 12.21 u - om 0+>0-30 0-50% 5c P CSR ANIMa 
Trifolium repens  115 14.14 u+l - - 0+>0-30 0-50% 5c P CR/CSR ANIMa 
Tripleurospermum inodorum  38 5.03 l+m - U+N 0+>0-30 - 6c A R UNSPag 
Tussilago farfara 89 6.45 l - - - 0-50% 7b P CR WINDp 
Urtica dioica 37 3.81 l - - - - 6c P C ANIMa 
Veronica persica   9 1.89 u cool U+N 0+>0-30 >50% 6b A R UNSPag 
Veronica serpyllifolia 15 1.53 u+m - U+N - >50% 6c P R/CSR UNSP 
Vicia cracca  19 5.53 L+M - om >0-30 0-50% 6b P C/CSR UNSP 
Vicia hirsuta 34 5.74 l - om - 0-50% 6c A R/CSR UNSP 
Vicia sativa  10 1.40 L+M - om >0-30 0-50% 6d A R/CSR UNSP 

There was considerable variation in the abundance of the different species in this 

data set, although they were recorded in the highest numbers of quadrats (i.e.most 

frequently).  Five species were all recorded at a mean of over 25% quadrat cover; 

Calluna vulgaris (11 quadrats), Deschampsia flexuosa (123 quadrats), Lophocolea 

cuspidata (64 quadrats), Rhytidiadelphus squarrosus (45 quadrats) and Rubus idaeus 

(17 quadrats).  Yet Galeopsis tetrahit (9 quadrats) and Cardamine hirsuta (11 

quadrats) were only ever recorded at 1% cover.  Perennial species were generally 

more abundant than annuals, measured as mean cover where present.  However, the 
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annual species Galium aparine (27 quadrats), Medicago lupulina (40 quadrats), Poa 

annua, (11 quadrats), Senecio viscosus (69 quadrats), Trifolium campestre (46 

quadrats), Tripleurospermum inodorum (38 quadrats) and Vicia hirsuta (34 quadrats) 

were all consistently recorded at more than 5% cover.  The mean cover where 

present of M. lupulina, the most abundant of the annual species, was 11.85%.  Nine 

of the most frequently recorded species were cryptogams: six mosses, two lichens 

and a leafy liverwort.  The abundance of two of these, L. cuspidata and R. 

squarrosus, has already been noted.  The others were Bryum pallens, Cladonia 

fimbriata, Hypnum cupressiforme, Peltigera canina, Polytrichum commune, 

P. juniperum and Pottia davalliana.  Cryptogams covered a total of 21% of the 

substrate in the 340 quadrats recorded in the baseline survey (286 m2 out of 1360 m2 

surveyed).  The greatest contributors were H. cupressiforme (24% cover in 113 

quadrats), L. cuspidata (27% cover in 64 quadrats) and R. squarrosus (29% cover in 

45 quadrats). 

4.4 Chemical Analysis and Nutrient Distribution 

Chemical analysis of the substrate (described in section 4.2.2) revealed the extent of 

variation in soil nutrients and pH both within and between bing sites.  There was no 

statistically significant difference (Wilcoxon Ranked Sign Test) between the 

measurements of sodium and phosphorus in the pairs of subsoil and surface samples 

taken from each quadrat.  The measurements of potassium, sodium, nitrate and pH 

between the pairs of surface and subsoil samples were similar (although not 

statistically significant, correlations were all above 75%) but those for magnesium 

and ammonia showed less than 30% correlation between paired measurements.  A 

summary of the minimum and maximum measurements of calcium, sodium, 

phosphorus, potassium, magnesium, available nitrogen (nitrate and ammonia) and 

pH for each of the four sites sampled is presented in Table 4.14.   

Nitrogen availability was not measured in the substrate samples from Greendykes 

and Mid Breich due to problems during storage.  A complete table of results is 

presented in Appendix 13.   The measured nutrients were repeatedly recorded at 

levels that would be expected to cause problems relating to toxicity (high levels) or 
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deficiency (low levels), or both, in many plant species.  Measurements of potassium, 

phosphorus, calcium and nitrogen that were outside the expected optimum 

requirements for normal plant growth (Bradshaw and Chadwick, 1980; Agvise 

Laboratories, undated) were each recorded in more than 40% of the samples.  

Calcium, for example, was measured from one tenth of the minimum to ten times the 

maximum requirements and fewer than 10% of samples contained even the minimum 

requirement of available nitrogen. 

Table 4.14 Summary of results from chemical analyses 

The minimum and maximum measurements, median and interquartile ranges of pH, 
sodium and the five macronutrients, in parts per million, from the four sample sites 
are compared with the minimum and maximum requirements for optimum plant 
growth (Bradshaw and Chadwick, 1980; Agvise Laboratories, undated).  The 
numbers of samples with measurements that are above and below the optimal range 
are also shown.  There were 100 soil samples (50 surface and 50 subsoil) analysed 
for Na, Mg, K, P, Ca and pH.  Forty-eight samples (24 surface and 24 subsoil) were 
analysed for NH4

+ and NO3
-. 

 Na Mg K P Ca pH NH4
+ NO3

- 
minimum 1 16 5 5 50 5.72 0.05 0.03 
Q1 23 102 75 10 1194 6.28 0.08 0.39 
median 32 213 123 18 1900 6.69 0.10 0.62 
Q2 44 327 221 31 3573 7.29 0.13 1.05 
maximum 275 1289 371 180 20300 8.17 0.47 4.67 
optimum min 0 50 100 5 500 5.00 2 2 
optimum max 120 300 300 20 2000 7.50 20 20 
no. of samples below opt. range 0 10 41 1 10 0 48 43 
no. of samples above opt. range 2 29 6 47 48 22 0 0 

The extent of the variation between the four bing sites is exemplified using 

potassium, phosphorus and pH (Figure 4.2).  Potassium (Figure 4.2a) was recorded 

mainly within Bradshaw and Chadwick's (1980) optimal requirements of between 

100 and 300 ppm at both Greendykes and Oakbank.  At Mid Breich half of the 

samples were below the optimum, the lowest recording was 49 ppm, and at 

Clapperton only the three highest measurements reached optimum levels, the bulk of 

samples (58%) contained less than 50 ppm.  Samples from Greendykes had the 

widest range of variability (55-370 ppm) and Clapperton the narrowest range (5-120 

ppm). 
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Figure 4.2 Variation in nutrients between and within bing sites 

Measured potassium, phosphorus and pH at Greendykes (32 samples), Mid Breich 
(20 samples), Oakbank and Clapperton (24 samples each) are displayed as boxplots, 
showing median, interquartile range and over all range, to demonstrate the variation 
between and within the sites.  The bold parallel lines mark the expected minimum 
and maximum values for optimum plant growth (Bradshaw and Chadwick, 1980). 

Phosphorus (Figure 4.2b) was recorded wholly within the optimum levels, between 5 

and 20 ppm (Bradshaw and Chadwick, 1980), at Clapperton but only the lower 45% 

a] Potassium  

c] pH  
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of values at Mid Breich came within this range.  At Oakbank most of the samples 

(79%) contained more than the optimum levels and at Greendykes the available 

phosphorus reached levels up to almost nine times the maximum expected for plant 

growth.  The range of measurements at Greendykes was from 6-180 ppm, far greater 

than for the other three sites; Mid Breich 8-34 ppm, Oakbank 11-41 ppm and 

Clapperton 5-16 ppmThe expected optimum levels of pH (Figure 4.2c) are between 5 

and 7.5 (Bradshaw and Chadwick, 1980).  The measured range of pH on the bings 

was pH 5.7-8.2.  Most samples from Greendykes (75%), Mid Breich (55%) and 

Oakbank (79%) were between pH 6 and 7, towards the higher expected levels.  

Samples from Mid Breich bing had the widest range of pH measurements, from pH 

5.7- 8.1 compared with pH 5.9-7.4 at Greendykes and pH 6.1-7.9 at Oakbank.  At 

Clapperton the pH levels were higher than at the other three sites with 83% of 

samples measuring between pH 7 and 8 and the full range from pH 6.5-8.2. 

Results from the samples taken from plateau quadrats, top slopes, middles slopes and 

base quadrats were compared, using the same data (Appendix 13).  Potassium, 

phosphorus and pH were again selected to demonstrate the extent of any variation in 

nutrients with elevation over all the sites (Figure 4.3).   Potassium measurements 

(Figure 4.3a) in the samples from the middle and base elevations were mainly (55%) 

within the expected optimum range of 100-300 ppm (Bradshaw and Chadwick, 

1980).  The measurements from the top elevations fell within the same total range as 

those from the middle (10-300 ppm) but the interquartile range (containing 50% of 

the data) was much greater.  The plateau measurements, all between 220-370 ppm, 

were significantly higher than those at the other elevations.   

The amount of phosphorus measured in samples from each of the elevations was also 

varied (Figure 4.3b).  The plateau samples were all within the expected optimum 

range for plant growth of 5-20 ppm (Bradshaw and Chadwick, 1980) as were 50% of 

the top middle and base samples.  However although the top and middle samples 

have a similar overall range between 5 and 50 ppm (with the exception of one very 

high outlying reading of 130 ppm from a middle sample) the base samples were 

measured between 7 and 180 ppm. 
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Figure 4.3 Variation in nutrients between positions 

Measurements of potassium, phosphorus and pH at each of the four positions 
(plateau,8 samples; top, 28 samples; middle and base, 32 samples each) are 
displayed as boxplots, showing median, interquartile range and over all range, to 
show the extent that the variation within the sites correlates with elevation. The bold 
parallel lines mark the expected minimum and maximum values for optimum plant 
growth (Bradshaw and Chadwick, 1980).  The asterisk (*) on Figure 4.3b] identifies 
an outlier in the data; a single measurement with a value lying between 1.5 and 3 
times away from the middle 50% of the data (Minitab, Inc., 2000). 

a] Potassium  

b]Phosphorus  

c] pH  
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The measure and range of pH between the elevations (Figure 4.3c) were less 

obviously varied and median values for all four divisions were between pH 6.5 and 

6.9.  There were no pH measurements above 7.2 in the plateau samples and all of the 

samples with pH greater than 8.0 were from middle and base quadrats.  The greatest 

range of pH (pH 5.6-8.0) was measured in samples from the top quadrats. 

4.5 Multivariate Analyses of Data 

Detrended Correspondence Analysis (DCA) using a matrix of all 211 species and 

340 quadrat samples confirmed the range of variation that had previously been 

observed within the data.  The gradients of the four major axes were long, between 

7.184 and 3.713, but in total described only 9.8% of the species variance (Figure 

4.4).   

 

 

 

 

 

 

 

 

Figure 4.4 DCA of samples and species related to the physical environment 

The distribution of species along the first two ordination gradients in DCA analysis 
produced in CANODRAW as a triplot with environmental axes superimposed as 
supplementary data.  A few species names have been retained to indicate possible 
associations.  The species in bold are nine named species whose relationship is 
discussed in the text and are highlighted in figures 4.6 and 4.8. 

When measured physical environmental gradients (elevation, aspect, slope, bare 

ground and management) were superimposed over the DCA scatter plot, as 

supplementary data, 79% of described variation on the first ordination axis 

corresponded to bare ground.  A similar result was calculated using the most frequent 
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species data: 13.85% of the species variance was described in total by the first four 

axes and 77% of the first ordination axis corresponded to bare ground.   

4.5.1 Analysis of the effect of physical environment 

Canonical Correspondence analysis (CCA) of the same data sets demonstrated that 

the first four constrained axes (measured physical environmental variables) 

accounted for a total of 94% of the 13.85% described variance in the DCA for the 

most frequent species and 93% of the 9.8% variance described in the DCA for all 

species.  The environmental axes of bare ground and management are no longer 

describing the same ordination axis (as in DCA) but are correlated with the two main 

canonical axes of variance (Figure 4.5).  The overall pattern of species has been tilted 

slightly and stretched along the bare ground axis.   

This analysis clearly separates the 15 frequently recorded species that were 

associated with bare ground (Table 4.10) into a cluster (enclosed in the solid circle at 

the top right hand corner of Figure 4.5) and includes the four species that were 

strongly associated with 70% bare ground.  These were Cardamine hirsuta, Stellaria 

media, Reseda luteola (enclosed in solid rectangle) and Senecio viscosus (enclosed in 

solid rectangle).  The species associated with high cover (0-50% bare ground) are 

indiscernible from the larger body of species grouped in the top left of the plot 

(enclosed in a broken circle on Figure 4.5).   

Individual species indicated on the plot (Figure 4.5) are those that had been identified 

as having recognisable distribution patterns from observations in the field.  Reseda 

luteola and Senecio viscosus grew together in similar habitats on the bing sites but 

were rarely seen in the surrounding landscape.  Medicago lupulina and Trifolium 

campestre ( Fabaceae), and  Leucanthemum vulgare and Tripleurospermum 

inodorum (Asteraceae) are closely related pairs of species (indicated by solid 

rectangles linked with arrows). Each pair of species shares ecological habits and gave 

the impression of growing in similar habitats in the field, but were rarely recorded 

together on any site.  Holcus lanatus, Centaurea nigra and Plantago lanceolata were 

frequently recorded species that appeared on all of the bing sites and were also 

common to many local habitats within West Lothian (enclosed in broken rectangle). 
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Figure 4.5 CCA of samples, the top 100 species and physical environment 

The cluster of species circled with a solid line at the top right hand side of the 
diagram contains the15 species unique to quadrats with more than 50% bare ground 
(Table 4.10).  The broken circle on the left encloses the species associated only with 
dense vegetation but groups them with many other species.  The individual species 
enclosed in solid rectangles are Reseda luteola and Senecio viscosus.  The paired 
species, linked by arrows, are Medicago lupulina and Trifolium campestre, and 
Leucanthemum vulgare and Tripleurospermum inodorum.  The broken rectangle 
encloses a group containing Holcus lanatus, Centaurea nigra and Plantago 
lanceolata.  The relevance of these species is discussed in the text. 

When CCA was carried out on the full data set species associated with the three 

management regimes could clearly be seen grouped in different positions along the 

axes corresponding with management (Figure 4.6).  The less commonly recorded 

species associated with the three different management regimes now clearly separate 

the groups along the management axis with old managed at the top, new managed in 

the middle and unmanaged at the bottom (enclosed by dotted lines).  Each group of 

species is also clearly influenced by bare ground. 
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Figure 4.6 CCA of samples, all 211 species and physical environment 

The effect of including the uncommon species to the CCA can be seen in the 
continuation of the group that had truncated at Alnus glutinosa in Figure 4.5 but 
now extends to the top right of the diagram (circled with a solid line).  The species 
associated with the three different management regimes are clearly separated along 
the management axis with old managed at the top, new managed in the middle and 
unmanaged at the bottom (enclosed by dotted lines). 

This analysis clearly separates the 15 frequently recorded species that were 

associated with bare ground (Table 4.10) into a cluster (enclosed in the solid circle at 

the top right hand corner of Figure 4.5) and includes the four species that were 

strongly associated with 70% bare ground.  These were Cardamine hirsuta, Stellaria 

media, Reseda luteola (enclosed in solid rectangle) and Senecio viscosus (enclosed in 

solid rectangle).  The species associated with high cover (0-50% bare ground) are 
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indiscernible from the larger body of species grouped in the top left of the plot 

(enclosed in a broken circle on Figure 4.5).   

Individual species indicated on the plot (Figure 4.5) are those that had been identified 

as having recognisable distribution patterns from observations in the field.  Reseda 

luteola and Senecio viscosus grew together in similar habitats on the bing sites but 

were rarely seen in the surrounding landscape.  Medicago lupulina and Trifolium 

campestre ( Fabaceae), and  Leucanthemum vulgare and Tripleurospermum 

inodorum (Asteraceae) are closely related pairs of species (indicated by solid 

rectangles linked with arrows). Each pair of species shares ecological habits and gave 

the impression of growing in similar habitats in the field, but were rarely recorded 

together on any site.  Holcus lanatus, Centaurea nigra and Plantago lanceolata were 

frequently recorded species that appeared on all of the bing sites and were also 

common to many local habitats within West Lothian (enclosed in broken rectangle). 

To test that the main axes were not attributable to environmental conditions on any 

one site, the data for each of the bings was analysed separately.  In seven of the sites 

the cumulative percentage variance in vegetation described by DCA ranged from 

22.3 - 27.5 and described by CCA ranged from 13.2 - 20.7 (Table 4.15).  Analyses of 

Drumshoreland south explained greater percentages of variance.   

Table 4.15 Analysis of physical environment on individual bings 

The cumulative percentage variation (cum. var.) in species described by the first four 
axes in DCA and CCA for the eight bings is presented with the main contributing 
measured physical environmental factors to the first CCA axis in each site. 

Bing site DCA cum. var. CCA cum. var. First axis 
Addiewell north 23.6 13.6 Position (0.86) 
Addiewell south 25.1 15.0 Position (0.71) 
Clapperton 22.3 18.6 Bare ground (0.91) 
Drumshoreland north 27.5 20.7 Bare ground (0.91) 
Drumshoreland south 40.3 57.5 Bare ground (0.98) 
Greendykes 24.7 13.2 Bare ground (0.59) 

Position (-0.53) 
Mid Breich 26.1 15.9 Bare ground (0.89) 
Oakbank 25.0 19.9 Position (-0.90) 

At four of the eight sites the explained variation on the first canonical axis correlated 

strongly with bare ground and on three sites, with position (as a measure of 
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elevation).  At Greendykes the explained variation correlated equally with these two 

environmental axes.  The environmental effects of slope and management were less 

strongly correlated with minor axes at all eight sites. 

4.5.2 Analysis of the effect of the chemical environment 

The samples and species were associated with the chemical environment in two 

smaller data sets (surface soil and subsoil) based on 50 quadrats from four bing sites 

as described in Section 4.2.  These were analysed individually using CCA (Figure 

4.7) because of the variation that had been measured in the soil chemistry between 

the surface and sub-soil samples (Section 4.4 and Appendix 13).   
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Figure 4.7 CCA of samples, species and the surface and subsoil chemistry  

This pair of diagrams produced in CANODRAW demonstrates the similarity of 
distribution of species in relation to soil chemistry gradients between the surface soil 
samples and the subsoil samples.  

The gradients of pH and phosphorus are represented at opposite ends of the same 

axis showing that they are negatively correlated with each other.  Three of the 

remaining nutrients, sodium, potassium and magnesium, are represented by axes 

aligned vertically to the pH/phosphorus axis with the gradients running in the same 

direction. The calcium axis is positioned midway between these and pH.  Only a 

small amount of the cumulative percentage variance of species was explained by the 

soil nutrients (14% of surface samples and 13% of subsoil samples).  Both pH and 

a) CCA of surface samples b) CCA of subsoil samples 
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potassium have long gradients and in the CCAs the first axes corresponded with pH 

(correlation was 0.70 for both surface and sub-soil) and the second axes 

corresponded with potassium (K) (correlation -0.65 for surface and -0.62 for 

subsoil).  The similarities between the results of the two analyses can be seen in the 

scatter plots of the species distribution in relation to the chemical axes (Figure 4.7a 

and b) and as the original samples were cognate all further analyses were carried out 

on the surface data only. 

4.5.3 Analysis of the combined effects of the physical and chemical environment 

Supplementary physical data were superimposed over the species and soil chemistry 

CCA (Figure 4.8).       

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 CCA of samples, species and the surface chemistry with 

supplementary physical data. 

The  species enclosed in solid rectangles are Reseda luteola and Senecio viscosus.  
The paired species linked by arrows Medicago lupulina and Trifolium campestre, 
and Leucanthemum vulgare and Tripleurospermum inodorum. Holcus lanatus, 
Centaurea nigra and Plantago lanceolata are underlined within the broken rectangle.  
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Both the physical and chemical environmental factors explained only a small 

percentage of the variance in species distribution and the cumulative percentage 

variance of species explained by all measured factors was 25.8%.The resulting graph 

showed that there was a strong negative correlation of sodium, potassium and 

magnesium with bare ground and positive correlation of the three nutrients with 

altitude.  Calcium and pH showed a strong negative correlation with slope.  

Available phosphorus is negatively correlated with both pH and management.  The 

relationships between the species identified in Figure 4.5 were still visible.  Reseda 

luteola and Senecio viscosus were placed closely together in the figure.  Medicago 

lupulina and Trifolium campestre, and Leucanthemum vulgare and 

Tripleurospermum inodorum, the species within the two families Fabaceae and 

Asteraceae, were placed further apart.  The three common species were split by 

gradients in the analysis.  Centaurea nigra and Plantago lanceolata were now 

showing a negative correlation with bare ground that was linked to a positive 

association with three chemical axes (sodium, potassium and magnesium).  Holcus 

lanatus was in an indeterminate position close to the origin of all axes with a slight 

positive correlation to slope, that had not been obvious from the CCA by physical 

environment, linked to a negative correlation with calcium. 

4.6 Discussion and Conclusions  

The aim of this chapter was two-fold; to define the extent of variation in the physical 

and chemical environment between and within sites and to determine the extent that 

the variation was responsible for vegetation patterns and the distribution of 

individual species and groups of species.  The degree of physical variation was 

measured between and within bing sites by divisions of elevation, aspect and 

management, and on a smaller scale within those divisions by percentage bare 

ground and angle of slope.  The range of measurements defining divisions within 

each of the physical environmental factors was partly constrained by the sampling 

methodology used in the baseline survey and partly arbitrary.  Chemical variation 

was also measured at the smaller scale from substrate samples collected with 

vegetation data and analysed for a range of nutrients.  The data described the extent 
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of variance within each of the measured physical and chemical parameters in the 

substrate and confirmed the variation expected from the earlier ordination.   

The ordination of recorded plant species with large-scale physical environmental 

factors, elevation, aspect and management, demonstrated that significant sized 

groups and numbers of species were only recorded in particular physical conditions.  

The general distribution of species throughout the bing environment was 

significantly determined by life history (annual or perennial) in relation to elevation, 

by dispersal mechanism in relation to aspect, and by pH, life history and 

establishment strategy (ruderal or stress tolerant) in relation to different management 

regimes.  This was true of the baseline data, using all 211 species recorded, and of 

the most frequent species data, using only the 104 species that were recorded in 9 or 

more quadrats.  When the data were analysed the assumption was made that all 

species had arrived naturally or with unintentional help from man, however there are 

occasional records of garden species on the lower slopes of some bings where there 

is a history of fly tipping (pers. obs.). 

4.6.1 Elevation 

When the baseline data were ordinated by elevation there was significant evidence 

that invasion by many species (109 of the 211 species recorded) is limited to one 

particular division within the bings, although many of these species are recorded 

infrequently.  An additional 65 frequently recorded species are strongly associated 

with one of the divisions of elevation.  A possible interpretation of this information is 

that most species (174 of 211) follow one of four patterns of distribution.   

They invade: 

1. from the lower elevation upwards (93 species restricted to or strongly associated 
with lower or lower+middle elevations) 

2. from the upper elevation downwards (42 species restricted to or strongly 
associated with upper or upper+middle elevations) 

3. from the middle elevation, both up and down ( 10 species restricted to or strongly 
associated with middle elevations only) 

4. from both the upper and lower elevations toward the middle (29 species restricted 
to or strongly associated with upper+lower elevations) 
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More species were recorded at lower elevations than either middle or upper 

elevations and a significant number of these were restricted to the lower elevations of 

the sites.  Statistical analysis showed that the life history of species, whether they 

were annual or perennial, was significant in their distribution.  43% of species 

associated with upper elevations were annual compared with 10-14% associated with 

the middle and lower elevations.  This suggests that more annual species are better 

adapted to long range dispersal than perennials but that, since mode of dispersal was 

not a significant factor, these adaptations are found in species with wind, animal and 

unspecialised modes of propagule dispersal.   

Alternatively, it is also possible that these species are not invading from the upper 

elevations down but are early successional species that initially covered the whole 

bing and are now being out-competed as perennial species invade and establish from 

the base.  This theory is more in keeping with the traditional expectations of the 

processes of primary succession (Golley, 1977) but does not take into account the 

significant numbers of species that are associated with the middle elevations only or 

have a bi-modal distribution.   

A further possibility is that the apparent distribution patterns of species are a function 

of sampling bias.  Elevation was divided according to the stratified sampling strategy 

(Section 3.3.1) employed for the baseline survey.  This resulted in top elevation 

vegetation data that has been recorded from a height of 12 m above the surrounding 

landscape and 145 m above sea level at the summit of Mid Breich, to a height of 

95 m and 195 m above sea level, on the plateau of Greendykes.  A sampling 

technique that recorded vegetation at height in metres above the surrounding 

landscape or above sea level would have resulted in different data sets and possibly 

different interpretation of ordination results5.  If the uneven distribution of annual 

species is a function of sampling bias increased numbers of annuals will be 

                                                 

5 Hand-held GPS equipment is now sufficiently accurate to record such measurements quickly and 
efficiently in the field and is often combined with inbuilt data-loggers.  When the survey for this study 
was carried out (1999) the accuracy of most hand-held was doubtful, particularly for altitude, and the 
instruments frequently needed unwieldy additional equipment to log data.  Traditional surveying 
methods were not practical because of time and manpower constraints.   
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associated with the upper elevation quadrat records from only a few individual sites.  

Examination of the ratios of annual to perennial species for individual sites showed 

that each site has a higher proportion of annual species recorded in the upper 

elevations than in the lower elevations or for the bing as a whole.   

4.6.2 Aspect 

More than twice as many species were recorded on the cooler (north and east facing) 

than the warmer (south and west facing) slopes of the bings and mode of dispersal 

and established strategy were the significant causal factors resulting in this 

distribution. 

 61% of species associated with cooler slopes were wind dispersed and only 16 % 

animal dispersed.  The most likely process responsible for this distribution is the 

direction of the prevailing winds.  Wind dispersed seeds and spores will be picked up 

by the wind, lifted by thermals over the summit of the bings and deposited on the 

leeward sides by the drop in air pressure and turbulence caused by downward slope 

of the bing.  The north and east facing slopes (NW to SE) are sheltered from direct 

sunlight apart from early morning and during winter months.  Species associated 

with these aspects will encounter predominantly cool conditions.  The substrate of 

south and west facing slopes (SE to NW) will be warmer because of increased 

sunlight for most of the day but is also where species are likely to be more prone to 

desiccation because of the direction of the prevailing winds (as described in Section 

4.2.1).   

Almost half of all species recorded (103) had no association with either warm (south 

and west facing) or cool (north and east facing) aspects and a significantly high 

proportion of these, 59%, were either ruderal or stress tolerant species.  Thirty-four 

species were unique to or strongly associated with the warmer aspects of the bings 

and only 10 of these (<30%) were ruderal or stress tolerant.  Similarly, of the 74 

species associated with cooler aspects less than 40% were ruderal or stress tolerant.  

Closer examination of additional growth habits of the individual species that are 

unique to, or strongly associated with, the two aspects might be more appropriate in 

determining positive causal factors in the successful colonisation of sites by species. 
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4.6.3 Management 

Management regimes on the bings were shown to be a major causal factor in the 

distribution of species between and within the sites. Variation in pH, life history and 

established strategy were each significant to different management divisions and 

large numbers of species were unique to each of the divisions.  Like elevation, 

management should ideally have been measured on a more precise scale of divisions.  

Data using the exact dates of disturbances and management events could be built into 

a chronosequence of successional events.  Unfortunately, although approximate data 

are available for some bing sites and some periods of management (West Lothian 

Council, various dates), the information is patchy and does not record, for example, 

times of cessation of dumping within sites during their working life-time.  

The varying management practices were expected to have considerable impact on the 

species composition of the bings and the influence of planting and seeding has 

already been briefly noted however the wider ramifications of management, 

particularly the option of non-intervention needs to be investigated more thoroughly.  

Of the 138 species limited by management only 37 were among the most frequently 

recorded.  The remaining 101 species were less frequently recorded, many only in a 

single quadrat out of the 340.  If these species are also locally rare or of ecological 

importance this would make the bings a major contributor to the biodiversity of West 

Lothian.  On the old managed sites 19 of the unique species are planted or seeded, 

including several non-native trees and shrubs, however there is also evidence of 

moister areas developing with the arrival of Cirsium palustre, Juncus and Carex spp. 

and the development of heathland vegetation, Potentilla erecta and Calluna vulgaris.  

The new managed sites have been reshaped and planted with tree and shrub species 

but not seeded and as a result the unique species are mainly weedy annuals or exotics 

like Papavar somniferum (probably dispersed by the dumping of garden refuse).  

There are exceptions however and the only bing records of Pleurozium schreberi and 

Racomitrium canescens are from newly managed sites.  The most important 'unique' 

species are probably those associated with the unmanaged sites.  Seventeen species 

representing fourteen families were recorded only on the unmanaged sites.  The 

group included five vascular plants and three cryptogams that are locally rare (Smith 
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et al., 2002).  Artemesia absinthium is a rare introduction to West Lothian.  

Greendykes bing is one of only two locations in the county where it has been 

recorded.  Erica cinerea is also rare, as are Phragmites australis and Polemonium 

caeruleum.  Silene vulgaris and Solanum dulcamara are both found occasionally in 

the north of the county (Smith et al., 2002).  Campylopus introflexus is an introduced 

species that has only been recorded in West Lothian since 1983 but is now 

widespread and spreading.  The list of species only recorded on unmanaged sites is 

not spectacular on a national scale but the local rarity of some of the species 

determines the importance of maintaining at least some of the bings in their current 

unmanaged state.  The relevance of the outcome of different management practices 

on the bings will be discussed more completely in relation to the wider picture of 

biodiversity and reclamation management in Chapter Seven.  This section is intended 

to demonstrate the extent to which management is a key factor in the distribution of 

species on the bings. 

4.6.4 Angle of slope 

Angle of slope varied considerably within the divisions of elevation, aspect and 

management and 104 species were limited by this environmental factor.  The 

significant distinguishing habit of species was the distribution of annuals and 

perennials.  A significantly high proportion of species recorded on flat ground were 

annuals but only a single annual was recorded on steep slopes (Raphanus 

raphanistrum) and all of the species negatively associated with flat ground (unique to 

or strongly associated with the gentle+steep division) were perennials.  The group of 

63 species unique to or strongly associated with flat+gentle slopes (0o + >0-30o) were 

not significant in number but had a significantly lower than expected proportion of 

wind dispersed species associated with them.   

It should perhaps be taken into consideration that on many areas of the bing sites, 

angle of slope is an artefact of management, the result of reshaping and stabilising 

previously steep slopes.   
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4.6.5 Bare ground 

There are extensive areas on the bings with limited vegetation cover and the numbers 

of species grouped by the divisions of bare ground are significant.  However many of 

the species (85) were uniquely associated with lack of bare ground, including 15 

species from the most frequent data set.  Some of these are associated with planting 

and seeding and have been discussed in association with management.  Other species 

had invaded old and new managed sites, and unmanaged sites without deliberate 

dispersal through management (Lotus corniculatus and Potentilla erecta).   

Areas of bare ground within the larger divisions of physical environment are only 

rarely obviously caused by erosion in the form of landslips, water gullies or animal 

activity (including man and machine) and so are not usually bare due to continuous 

major disturbance.  Species that were associated with high levels of bare ground 

were significantly more likely to be annual and ruderal, and none of them were 

associated with low pH values.  A higher than expected proportion have unspecified 

dispersal mechanisms but are associated with agriculture (Hodgson et al., 1995) and 

very few are animal dispersed.  The species were recorded as sparsely scattered 

individuals and were rarely recorded in vegetation where competition for resources 

was high.  Although the division was made at 50% bare ground several species were 

further limited to quadrats with 70% or more bare ground (Reseda luteoloa and 

Senecio viscosus).  Conversely Rhinanthus minor and Potentilla erecta were only 

recorded in quadrats with less than 30% bare ground and Calluna vulgaris in 

quadrats with full cover.  Only one of the species associated with more than 50% 

bare ground is considered to be stress tolerant (Hodgson et al., 1995), yet lack of 

vegetation will extenuate any small-scale surface erosion by wind and rain, that 

might not be detectable to the eye, and will increase the desiccation effects of strong 

or continuous sunlight on south and west facing aspects as already mentioned (4.6.2).  

The extent that the combined effects of environmental factors are linked to the 

processes of species distribution will be considered in association with the section 

discussion of multivariate analyses (Section 4.6.7).   
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Cryptogams were demonstrated to be a major feature of the bing vegetation and 

thirty species were recorded in this study, nine of these species were represented in 

the most frequent data set and were shown to be limited by the measured physical 

environmental variables.  The oil shale bing habitat is recognised as important to the 

diversity of bryophytes and lichens in West Lothian (Smith et al., 2002) and several 

species are not recorded elsewhere in the county.  The distribution of non-vascular 

species is often not described fully in general vegetation surveys because of the scale 

of data collection and unfortunately this study is no exception (2 m x 2 m quadrats 

are too large for surveying bryophyte diversity).   Hypnum cupressiforme was 

recorded at all bing sites and locations within sites and has two recognised varieties: 

H. cupressiforme var. cupressiforme is associated with acidic environments and var. 

lacunosum is associated with basic soils and rocks (Smith, 1978).  The frequency and 

abundance of this species alone in relation to measured variations in the substrate 

chemistry provides a suitable subject for further research.   

4.6.6 Substrate chemistry 

Species were grouped by their association with high or low pH, as discussed in 

relation to limited physical environmental factors in the previous sections of this 

chapter, and in Chapter Three the autecological similarities of the species recorded 

on all sites, and positions-on-site were noted.  The resulting classifications suggested 

that analysis of the bing substrate would measure considerable variations in substrate 

chemistry.  Chemical analysis of the substrate confirmed extremes of variation both 

within and between bing sites. There was a strong temptation to discard some of the 

exceptionally high measurements as outliers but this was resisted when samples of 

volcanic ash analysed for a colleague, by another laboratory but using the same 

techniques, showed similar variation in the same nutrients (Mr Alan Gray6, pers. 

comm., 2003).   

                                                 

6 Mr A Gray is a colleague from the Ecosystem Dynamics research group within the School of 
GeoScience, and not to be confused with Mr A.N Gray who carried out the chemical analysis of 
samples. 
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The degree of variability in phosphorus, magnesium and calcium was much greater 

than expected from literature, both within and between sites. The overall 

expectations from literature were for a low-nutrient environment. Bradshaw and 

Chadwick (1980) suggested that there would be a severe deficiency of 

macronutrients and possibly excess salinity in the oil shale substrate.  Available 

potassium levels were generally lower than recorded by Marrs et al. (1991) in a study 

of three contrasting substrates (chalk, clay and sand) in south-east England, and 

lower than expected from the characteristics recorded in spent oil-shale in Colorado 

(Bradshaw and Chadwick, 1980).  Sodium was also measured at much lower levels 

than recorded from this source.  The potassium and sodium levels in the West 

Lothian oil-shale may be washed out of the top 20 cm, or more, of substrate by 600-

1000 mm yr-1 of rainfall in central Scotland (Meteorological Office, Edinburgh, 

1990) compared with Colorado's rainfall of 250-300 mm yr-1 (Bradshaw and 

Chadwick, 1980).  However, available calcium and magnesium, which are also 

soluble, were measured at considerably higher levels than expected.  Phosphorus was 

likewise measured at much higher levels than expected.  Nitrogen concentrations in 

the substrate from the two bings sampled were very low, indeed negligible, however 

this corresponds with measurements from spent shale in Colorado, USA (Bradshaw 

and Chadwick, 1980).  Nitrogen is often singled out in research as the most 

important of the nutrients to plant growth, based mainly on anthropogenic 

requirements for crop growth or rapid vegetation cover.  When levels of available 

nitrogen in the substrate are low, sufficient additional sources are usually available to 

plants from nitrogen fixation, organic matter in the soil and in rainfall.  Organic 

matter is not a substantial source of nitrogen on the bing sites and is sparse 

throughout the substrate because of the low density of vegetation, particularly on 

steeper slopes. Many of the commonly recorded species have strong mycorrhyzal 

associations (Harley and Harley, 1987; Grime et al., 1988) that enable more efficient 

uptake of phosphorus but only Lupinus nootkatensis (recorded only where planted), 

Trifolium repens, T. pratense (both listed in the seed mixes of management plans but 

also recorded elsewhere) and T. campestre are nitrogen fixers.  Nitrogen input from 

rainfall must have a biologically significant effect on vegetation.  In the north and 

west of West Lothian nitrogen is deposited at 10-15 kg ha-1 yr-1 and in the south and 
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east at 15-20 kg ha-1 yr-1 (Davidson, 2002).  This input is small compared to a low 

nitrogen application in agriculture of around 80 kg ha-1 yr-1 and average nitrogen 

usage on wheat of 210 kg ha-1 yr-1
 (Stationery Office, 1998) but is clearly sufficient 

to allow the successful establishment of 211 different plant species on the shale 

bings.   

The pH levels measured between pH 5.7 and pH 8.2 in the samples taken from the 

bing sites.  The logarithmic scale that is used to measure pH (pH 5 = 100 ppm, pH 6 

= 10 ppm, pH 7 = 1 ppm, pH 8 = 0.1 ppm and pH 9 = 0.01 ppm) hides the extent of 

variation in the substrate.  This converts approximately to 25.00 ppm - 0.08 ppm, 

representing weak acid (e.g. acetic acid) to weak alkali (e.g. calcium hydroxide), and 

highlights the confusion that can occur when using 'high' and 'low' to describe pH.  

The information produced by Bradshaw and Chadwick (1980) implied that pH levels 

would be adequate to deficient in oil shale leading to an expectation of slightly acid 

substrates (5-6 pH) although this appeared to contradict their textual description of 

oil shale.  

When the variation in measured nutrients was considered in relation to individual 

bings and the four measured elevations, plateau, top, middle and base, each element 

performed differently.  The newly managed bing at Clapperton had low potassium 

and phosphorus and a high pH but the substrate of the older managed bing, Oakbank, 

had 'normal' levels of potassium (Bradshaw and Chadwick, 1980), high levels of 

phosphorus and lower pH.  This variation might be a direct result of different 

management regimes or related to the time since management or to heterogeneity of 

the original shale.  Unfortunately although the management records for Oakbank are 

very detailed there is no available documentation for Clapperton.  A similar degree 

of variation between sites was demonstrated at the two unmanaged bings.  A wide 

range of values of both potassium and phosphorus were measured in the substrate 

from Greendykes, the largest of the bings, but the range of pH was limited.  A 

narrower range of phosphorus and potassium was observable in the substrate of Mid 

Breich, the smallest of the bings, but the range of pH measurements was the greatest 

for all the sites.  The variation in nutrients between the two unmanaged sites possibly 

relates to the difference in site size and volume of shale (Appendix 1).  There is less 
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opportunity for variability in compounding physical factors, like elevation and slope, 

from a smaller site.  A cursory glance at the boxplots of within site variations in 

nutrients (Figure 4.3) suggests that potassium levels increase with elevation, 

phosphorus levels decrease with elevation and pH levels fluctuate.  This visual effect 

is caused mainly by the plateau data which are representative of one site only, 

Greendykes.  If the plateau and top data are combined to represent the upper 

elevations from the physical environment, the boxplots suggest that the range of 

potassium and pH values increase with elevation, and the range of phosphorus levels 

fluctuate.  Suggested trends in within site chemical variation may therefore be an 

artefact of the arbitrary division of elevation.  

Having established the extent of the chemical variation in the substrate within and 

between the shale bings the species recorded with the sampling quadrats could have 

been ordinated and analysed in relation to divisions of variation in each of the 

measured chemical environmental factors.  The decision was made not to approach 

the analysis this way because many of the elements interact with each other and are 

likely to have a combined effect on individual species.  All species associations with 

the chemical environment were determined using multivariate analyses. 

4.6.7 Multivariate analyses 

Multivariate analyses corroborated much of the significant variation in species 

distribution determined from classification by divisions of physical environmental 

variables.  The causal environmental factors of the relationships between some 

individual species also became more obvious from the multivariate analyses and 

there is further corroboration of connections between some species that had been 

noticed in the field and confirmed by TWINSPAN in Chapter Three.   

The main axis produced in Detrended Correspondence Analysis of species 

distribution coincided with the gradient of variation in percentage bare ground.  

Canonical Correspondence Analyses of species distribution with the five measured 

physical environmental gradients consistently demonstrated percentage bare ground 

to be the main cause of described variance in the vegetation in the full data set and 

also the most frequent data set.  Species limited to quadrats with more than 50% bare 
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ground were recorded at all elevations on the bings (upper, middle and lower) 

suggesting that the exposed-substrate habitat is not affiliated with other physical 

parameters, a theory that is corroborated by the length and direction of the bare 

ground axis in Figure 4.5.  The clustering of the thirteen species on this axis of the 

CCA confirms them as a distinct group. Grime et al. (1988) record all of these 

species that were restricted to areas of highly exposed substrate on the bings as being 

effective colonisers of artificial and highly disturbed habitats.   A CCA of the full 

data set demonstrated the effect of different management regimes on vegetation 

distribution, particularly those species that are less common, and raises questions of 

how bing sites should be best managed.  The answers will always be dependant on 

the intended outcomes of management and will be discussed in Chapter Seven.  

Multivariate analyses were also used to confirm the extent of variability in the 

chemical environment and determine the effect of individual elements on species 

distribution.  CCA’s of the distribution of species in relation to the measured 

nutrients in the surface and subsoil samples determined that the differences between 

the two sets of data were not sufficient to warrant continued separate analysis.  This 

was not unexpected because the substrate on the bings does not conform to the 

accepted model of soil structure and has no recognisable horizons that might indicate 

a variation in chemistry with depth (Fanning and Fanning, 1989).  The distribution of 

species in relation to the chemical variables (Figure 4.7) suggests that the main 

limiting chemical factors are pH and potassium (although the individual axes for 

sodium and magnesium are on the same alignment, potassium has the longest 

gradient).  There are a large number of species that are negatively correlated with 

high concentrations of all of the measured chemical elements suggesting that 

variation in substrate chemistry is restricting their distribution.   

The variation in available nutrients in the bing substrate was much greater than either 

the literature or the ordination of species attributes suggested (Chapter Three).  

Bradshaw and Chadwick (1980) suggest that oil shale waste is unsatisfactory for 

plant growth "due to alkalinity, salinity and ion imbalance", that nitrogen and 

phosphorus will be low and potassium rarely low.  The chemical analysis of the oil 

shale waste on the West Lothian bings confirms that nitrogen availability is very low 
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and also finds that potassium levels are lower than suggested for optimum plant 

growth.  All other measured macronutrients are sufficient, or present at potentially 

toxic levels.  However there is no evidence from this research that the high level of 

some soil elements is having a detrimental effect on plant invasion on the bings or 

that only specialised species are establishing in the unusual substrate.  The question 

has to be posed what is the “normal” or “optimal” growth that plant species are 

expected to attain under model nutrient conditions.  Despite the emphasis placed on 

the importance of the availability of key nutrients to plant growth described in 

literature the percentage of described variation that could be attributed to the 

chemical environment was only 14% (combined described variance from all nutrient 

axes in CCA).  The bing species can establish, survive and successfully reproduce 

with minimal resources or potentially toxic levels of some elements and many 

species are also successfully contending with extremes of heat and desiccation.  

The total amount of variation in species distribution on the West Lothian shale bings 

that could be attributed to the physical and chemical environment, analysing all 

measured factors, was only 25.8%.   However, multivariate analysis presumes a 

reasonable match between data properties.  The unexplained variation in vegetation 

patterns in relation to environmental gradients could indicate considerable chance 

establishment and distribution of species or reflect the inherent plasticity within 

individual species when growing in a wide range of habitats.  It could also be a 

function of the scale of measurement in the original survey.  If considerable 

heterogeneity in either the vegetation or the physical and chemical elements of the 

substrate on the shale bings occurs at a scale below the 2 m x 2 m sample size the 

data set will not be sensitive to analysis.  Smaller scale investigations of the physical 

and chemical environment in relation to safe sites could have revealed more 

significant results.  These could relate particularly to individual shrubs and trees that 

have established in microhabitats within areas that are not generally covered by plant 

invasion.  The influence of microtopography on vegetation has been recognised since 

Harper et al. (1961) first used the term 'safe site' to describe a microsite that is 

suitable for germination and establishment.  Silvertown and Dickie, (1981) describe 

these safe sites as having sufficient water and nutrients, a soil surface that will allow 
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penetration by the radicle, and a topography that offers protection from desiccation.   

This is reiterated by Jumponnen et al. (1999) who describe the surface and substrate 

of individual microsites, their aspect, the physical and chemical conditions of the raw 

parent materials and the direction of the prevailing wind, as the main determinants of 

potential recruitment and spatial distribution of plants.  These are all measurements 

that were made in this study or are available from climatic records and could have 

been collected at a smaller scale.   Continued investigation relating species 

distribution to microsite variables could possibly explain more of the variation in 

vegetation patterns.  

It may be necessary, however, to recognise that “some things are so complicated that 

it is impossible to predict what they are going to do next7” (Haddon, 2004).  

Mathematical models of natural populations of plants (and animals) exhibit an array 

of dynamic behaviour to the extent that “simple deterministic systems can produce 

chaotic dynamics” (May, 1986).  This concept led to the adaptation of Chaos Theory, 

from physical to biological systems, by Robert May, George Oster and Jim Yorke in 

the early 1970’s, but before attributing all of the remaining unexplained species 

distribution on the shale bings to anomalies of plant population dynamics and the 

vagaries of Chaos Theory other processes and mechanisms of distribution have to be 

considered.   

The measured physical and chemical elements of the bing environment only 

explained one quarter of the variation in species distribution.  The composition of 

species established within the bing habitats will also reflect the availability of seeds 

and spores, in seed rain and the soil seedbank, from species already established on 

the bing and those from the surrounding landscape.  Other contributing factors will 

include the invasive potential of species, the fecundity and dispersal mechanisms of 

their propagules.  The inherent plasticity of many plants in reaction to environmental 

factors is also likely to have an influence on the variation in distribution of individual 

species observed on the bing sites.  Propagule physiology and mode of dispersal is 

                                                 

7 A description of Chaos Theory attributed to a teenage boy with Asperger’s Syndrome (fictional).  
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described by Hodgson et al. (1995) and is available for most common species.  

Existing data on abundance and frequency of species surveyed for this research could 

be incorporated with new data quantifying numbers of plants and seeds produced by 

each species to calculate seed productivity per unit area.  Continued measurement 

and experiment could then establish the contributions of seed productivity, viability 

and availability to distribution patterns.   

To research every one of the 211 species recorded in the baseline survey then collect 

and analyse the additional data is too large a project for this thesis.  However several 

species have been identified within this research as demonstrating different aspects 

of vegetation distribution in relation to both physical and chemical environmental 

variables (Section 4.5.1, Figure 4.5 and Section 4.5.3, Figure 4.8).  Nine of these 

have already been used to identify the extent that some unrelated species share 

attributes while other closely related species do not:  Senecio viscosus, Reseda 

luteola, Medicago lupulina, Trifolium campestre, Leucanthemum vulgare, 

Tripleurospermum inodorum, Centaurea nigra, Holcus lanatus and Plantago 

lanceolata.   

There is a very strong association between Senecio viscosus and Reseda luteola in all 

analyses by physical and chemical environment.  The two species were consistently 

placed together on the bare ground axis in both the detrended and constrained 

analyses and were not separated by soil chemistry.  They have very similar habitat 

requirements and are generally recorded on waste ground, with a basic substrate, 

both locally (Smith et al., 2002) and nationally (Stace, 1997).  They were always 

recorded together on patches of sparsely vegetated ground on the bings despite 

having different seed dispersal mechanisms (Hodgson et al., 1995). 

There were two pairs of closely related common species, Tripleurospermum 

inodorum and Leucanthemum vulgare (Asteraceae) and Trifolium campestre and 

Medicago lupulina (Fabaceae), that had not been recorded together in the survey and 

were shown to be strongly linked to different environmental axes.  The analyses 

demonstrated that as well as having different physical requirements for bare ground 

the species are further separated by nutrient availability.  Ellenberg indicator values 
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(Hill et al., 1999) suggest that T. inodorum has a higher nitrogen requirement than 

L. vulgare and that T. campestre does not require such fertile soil as M. lupulina but 

again there is a lack of comparable data recorded in the literature. The patterns may 

be linked to dispersal mechanisms and survival ability. 

Three very common species, both on the bings and in the surrounding landscape, 

Holcus lanatus, Centaurea nigra and Plantago lanceolata always appear clustered 

together, close to the origins of the physical environmental axes in the multivariate 

analyses.  This indicates that the species have a very broad range of habitat 

requirements, and all sources agree that they are generalists (Smith et al., 2002; 

Stace, 1997; Grime et al., 1988).  C. nigra and P. lanceolata were separated from 

H. lanatus along the sodium (Na) axis in the CCA of soil chemistry.  The apparent 

variation in sodium requirement is intriguing and could be important to these species 

as they become forced into man-made and post-industrial habitats through the loss of 

more natural habitats.  There is no provision in this study for continued investigation 

into individual species requirements for soil nutrients or adaptations within species to 

the excessive availability of some common elements in the oil-shale substrate.  There 

is a lack of available information in this area that should be addressed by experiment 

and field investigation, particularly for species and genera outside agriculture and 

horticulture.   

The extent that variation in the distribution of each of the nine species is limited by 

elements of the physical and chemical environment can be calculated from existing 

data and analyses.  The next chapter will describe the collection of the additional data 

required to establish the extent that species numbers, seed availability and viability 

explain the so far unexplained variation in distribution of these nine species.  

4.7 Summary 

The initial aim of this chapter was to define the extent of variation in the physical 

and chemical environment of the substrate of oil-shale bing sites suggested from the 

ordination of vegetation described in Chapter Three.  From the literature there was 

conflicting information on the physical and chemical environment that should be 
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expected on the shale bings making the generation of hypotheses difficult.  A range 

of ordination and analysis techniques established that the scale of variability within 

each of the measured features was considerable.  The environmental data were then 

ordinated with species data so that vegetation patterns, and the distribution of 

individual species and groups of species, could be defined within the context of 

measured physical and chemical variation in the substrate.  From this it was possible 

to demonstrate that vegetation patterns are associated with environmental gradients 

and that species composition reflects gradients in both the physical and chemical 

environment.  The absence of soil, in the biological sense, does not seem to be a 

major limiting factor to the colonisation process although it may restrict the invasion 

and establishment of individual species that are not suited to the substrate.  Several 

very common species from the areas surrounding the bings were not recorded in 

quadrats or observed in the habitat, notably oil-seed rape (an agricultural variety of 

Brassica napus) and Papaver rhoeas (common poppy), both plants that have self-

seeded on a range of other disturbed sites throughout the county.  The causal factors 

for species not being present are difficult to ascertain and it is possible that several 

species are actually established on the bing sites but were not recorded.   

The groups of species and individuals that were identified as limited by one or more 

measures of physical environment were found to share similar characteristics and to 

be further constrained by association with chemical environmental factors.  The 

ordination of physical features demonstrated that significant groups of species were 

associated with the large-scale topography of the bings and that the groups could be 

differentiated by the shared ecological traits of individual species. 

� Vegetation with a significantly higher proportion of wind dispersed species was 
recorded at the plateau and top positions of sites.   

� Significant groups of species were associated with high and low percentages of 
bare ground.  

� Other species were associated with different management practices, including a 
significant group of species that were only recorded at bing sites where there had 
been no management.  The relevance of species limited by different management 
regimes will be discussed in Chapter Seven.   

Within the large-scale vegetation composition there were also groups of species that 

were limited by angle of slope and, to lesser extent, by aspect.  Distribution patterns 
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within bing sites were also shown to be constrained by gradients in substrate 

nutrients, particularly pH and potassium. 

The observed vegetation patterns were determined to some degree by all of the 

processes measured and some processes were observed to have greater effect than 

others.  However the cumulative percentage variance of species explained by all of 

the physical and chemical factors measured is only 25.8%.  Further, more detailed 

examination of the distribution and growth patterns of nine of named species, 

identified as representative of particular bing habitats, may explain some additional 

variance and recognise further mechanisms and processes of colonisation and 

vegetation dynamics in the bing ecosystems.  These will be investigated in Chapter 

Five. 

 


