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"I am quite convinced that long long ago my ancestors were dwellers among the wilds
of the mountains, for at times I have an almost insatiable yearning for the hills. Indeed,
they always enchanted me; and, when a small child in a remote part of the Highlands,
[ loved them so dearly that I carefully selected the mountains which appealed to me
most. And since that time I have reserved them strictly for my own private thoughts and
fitful dreams. Of course I visit them at odd intervals in order to make certain that
everything there is as it ought to be."

(from My Private Alps, in Behold the Hebrides by Alasdair Alpin McGregor)
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Abstract

Ecological and ecophysiological investigations carried out at the ultramafic outcrop near
Meikle Kilrannoch, Angus, Scotland are reported. The outcrop is botanically famous for
its rare plant species, particularly the endemic Cerastium fontanum ssp. scoticum and
&e nationally rare Lychnis alpina. The stﬁdies were made on the main outcrop (calléd
MK1) which 1s dome shaped, and on a much smaller low-lying area (called MK1.5)
about 300 m from it.

The overall aim of the studies was to investigate the relationship between the soil

physico-chemical environment and species distribution on the open areas of the
ultramafic site and to experimentally test for causality; and to offer an explanation for

the open character of the vegetation on the skeletal soils.

Variograms which were constructed for soil properties and vegetation data to investigate
soil micro-spatial variation and vegetation pattern showed differing levels of spatial
dependence, always indicating high intrinsic variability. The cause of this high
variability was probably cryoturbation for the soil and morphological characters for
plants.

The gradient analyses (Principal Components Analysis and its canonical form,
Redundancy Analysis) used to study soil - vegetation correlations suggested that
Agrostis vinealis, Cerastium fontanum ssp. scoticum and Lychnis alpina were most
abundant 1n areas up-slope with lower concentrations of soil magnesium; Cochlearia

pyrenaica ssp. alpina and Festuca rubra were associated with bigger stone sizes, and the

latter occurred in wetter areas with higher/ ar’é/vailability of 1ons.

A comparative solution culture experiment based on the local soil chemistry was used

to study the growth responses to magnesium and nickel of Cerastium fontanum ssp.



scoticum, Cochlearia pyrenaica ssp. alpina and Festuca rubra. The results for Festuca

and Cerastium were in agreement with the findings of the gradient analysis: Festuca was

indifferent to both magnesium and nickel and Cerastium was susceptible to high
magnesium; the reduction of dry weight by nickel in the Cochlearia conflicted with its
suggested association with high soil nickel in the gradient analysis.

The 1mpacts on the photosynthetic systems of three Cochlearia species of different
concentrations of iron and nickel were identifiable only in the non-ultramafic C.

pyrenaica where the addition of nickel decreased photosynthesis but the effect could be
ameliorated by the addition of high concentrations of iron.

The open character of the skeletal soil at the MK1 site was discussed in terms of
‘carrying capacity’. Vegetation development was suggested to be controlled at least
partly by large stones covering the soil surface. Further factors such as space
fragmentation, possible plant-to-plant interactions, and low density of flowering
individuals and restricted seed dispersal were also considered.

To test if major nutrients were limiting plant growth, major nutrients (NPK) were
applied to the MK1.5 skeletal soil. The significantly higher A’s and recruitment and
change in life history traits (larger rosette sizes, earlier maturing and higher seed
production) in the fertilised populations of C. pyrenaica ssp. alpina resulted in a
significantly higher plant cover in the fertilised quadrats. The better growth of plants
in the fertilised quadrats was reflected in their lower total non-structural carbohydrate
(INC) concentrations 1n May and their higher TNC in August.

The present series of investigations found that magnesium and nickel toxicity had an
eftect on the intra-site distribution of the ultramafic species and also confirmed earlier
reports on the importance of magnesium and nickel toxicity in ultramafic exclusion.

Large stones and low soil phosphorus concentration are proposed as limiting factors for



the development of closed vegetation on the skeletal soil areas of the sites.



Chapter I

Introduction and background to the study site

-The term "ultramafic’ refers to ferromagnesian, dark-coloured igneous or metamorphic
rocks and 1s being increasingly used in the botanical and ecological literature to replace
the formerly popular terms ’serpentine’ and ’ultrabasic’. This has occurred because of
the discrepancy between the meaning of ’serpentine’ in its correct sense to refer to

certain types of minerals and its popular botanical usage for soils and vegetation

developed over ultramafic rocks which may or may not contain the true serpentine
minerals; and the fact that ’ultrabasic’’ emphasises the relatively low silicon
concentration 1n the rocks and includes some rocks which are not ultramafic. In this
thesis ultramafic 1s used in preference to ’serpentine’ and ’ultrabasic’ throughout.

Many ultramafic rocks have been serpentinised, the name given to the metamorphic
process whereby ultramafic protoliths become hydrated under relatively low pressure
and temperature (<500 °C). The cause of the process is the interaction of the rock with
water (sea, meteoric and hydrothermal). The protoliths are mostly ophiolite fragments
of the oceanic crust and mantle exposed as a result of intense tectonic activity. Hence
serpentinised ultramafics are common in fold mountain belts (Coleman & Jove 1992,
Malpas 1992). After serpentinisation the general composition of minerals which make
up the ultramafic rocks is Mg,S1,0,(OH),; Fe and Ni may substitute some, or all of the
Mg and some of the Si. The chemical composition of the ultramafic rocks is often

reflected in the composition of the soils overlying them (Table 1.1).
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ultramafic (u.m.) and non-ultramafic (n-u.m.) parent rock (Brooks 1987).

Ultramafics often have a distinctive vegetation which contrasts with that of the
surrounding areas, depending on the precise composition of the rock, the chemical and
physical attributes of the soils derived from it and the neighbouring geology. Frequently
the vegetation on temperate ultramafics has the following features: low cover, low
stature, and the presence of rare or endemic taxa. The causes of the features have
received various explanations: excess magnesium (absolute and relative to calcium);
generally low major nutrient status; high nickel; and physical features such as shallow,
coarse-textured soils, which are prone to drought.

The long history of botanical and ecological research on ultramafics has been reviewed
extensively (e.g. Brooks 1987, Roberts & Proctor 1992). A compendium of recent
papers on ultramafics was published by Baker et al. (1992) and includes an overview
on the current state of research on ultramafics which has been co-authored by the writer
of this thesis (Proctor & Nagy 1992) and which is appended (Appendix II).
Ultramatfics occur in many places in Scotland (Geological Survey of Scotland 1962).

Those researched most botanically: in Ayrshire, Central Scotland, Aberdeenshire, Rhum

and the Shetland Islands have been described by Proctor (1992).



The field studies presented here were carried out at the ultramafic outcrop near the hill
called Meikle Kilrannoch, Angus (Fig. 1.1). Two sites near Meikle Kilrannoch: "MK1’
(National Grid Ref. 219777) and MK2 (NGR 220768) of the five ultramafic sites at
the head of Glen Doll (Geographical Survey of Scotland 1962) have been ecologically
researched since Marshall (1959) and much of the work there and on the recently
exposed ultramafic area "MK1.5’ is summarised in Proctor et al. (1991).

The sites lie at about 870 m elevation above sea level. MK1 is about 3.5 ha in extent
and 1s dome-shaped rising above the surrounding blanket bog while MK2 is a 2.5 ha,
largely ftlat area. No studies were made at MK2 during the present work. The study site,
MK 1.5 is a small area of about 400-500 m* of exposed skeletal soil surrounded by
vegetated and eroding peat and it is about 300 m south-west of the southern point of
MK1. MK 1.5 was exposed by peat erosion between 1946 and 1966 according to aerial
photographs of the area. The site 1s flat and low lying and therefore prone to high soil
water table levels and water may collect after heavy rains, or snow melt.

Oceanic influence in the area of Meikle Kilrannoch is less pronounced than in most
other parts of highland Scotland (Brown et al. 1993) and the occurrence of alpine
species nearby is an indication of the influence of a less-harsh version of a continental
alpine type climate. For average weather data Proctor et al. (1991) presented estimated
values based on extrapolations from the data collected from Braemar meteorological
station (20 km to the north of the sites at an altitude of 340 m) betwen 1941-1970. The
mean annual precipitation was estimated to be ¢. 1300 mm (879 mm at Braemar); mean
daily maximum temperatures were calculated to range from 1.7 °C to 15.3 °C (3.5 °C
to 17.1 °C at Braemar); and mean daily minimum temperatures from -4.1 °C to 7 °C (-

2.8 °C to 8.3 °C at Braemar). Snow lie was estimated to be about 140 d a year -
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Fig 1.1 The location of the main Scottish ultramafic areas @: and sites of their local
meteorological stations O (from Proctor 1992).



between November and April. Actual snow lie at the ultramafic sites was found of
much less duration between 1990-1994 (personal observation). Temperature was
recorded continually at 1 cm below soil surface by a Grant temperature recorder (Grant
Instruments) during the period 2-5 August 1993 and the minima and maxima ranged
from 2 °C to 23 °C, the latter maximum on a sunny day.

Soil analyses at MK1, MK1.5 and MK2 have invariably shown high concentrations of
exchangeable magnesium, low concentrations of calcium and high Mg/Ca quotient, and
relatively high concentration of nickel.

The unusual floristics of the site (almost certainly MK1) were evident from the
collections of G. Don in the late eighteenth century (Smith 1811). Marshall (1959)
discussed the vegetation on the skeletal areas of MK2. The early brief descriptions of
MK1 (Proctor 1969, Proctor & Woodell 1971, Johnston & Proctor 1980, Birse 1982)
were superseded by a detailed description of the soils and vegetation of MK1 and MK2
(Proctor et al. 1991).

A major topic of ecological research on ultramafics has been the causes of ultramafic
exclusion of non-ultramafic species and the tolerance and physiological requirements

of ultramafic species. Bioassays demonstrated the extreme toxicity of the MK1 soil for

non-adapted plants (Proctor 1971a,b). Later work used solution cultures based on soil
solution extracts to test for magnesium and nickel toxicities in ultramafic and non-

ultramafic races of Festuca rubra, and the role of calcium and micronutrients in

ameliorating those toxicities (Johnston & Proctor 1981). The contrasting effects on the
growth of Lychnis alpina of fertiliser addition to MK1 soil and peat in a growth room
experiment have been reported (E. Brown & J. Proctor unpublished). More recent work

investigated the tolerance of Armeria maritima from MK 1, from a coastal habitat, and



from a lead mine spoil, to each other’s soil (Goodwin-Bailey et al. 1992).
Previous work has confirmed the unusually toxic nature of the MK1 soil and has gone

Ao
some way to showing plant adaptation®it. More investigations were needed to render

information about how the different species growing on the site responded to site
characteristics. The present work focused on vegetation patterning, and soil-vegetation
correlations, population dynamics of Lychnis alpina (one of the outstanding rarities at
Meikle Kilrannoch) and on the site carrying capacity at MK1 and on species and overall
vegetation responses to fertiliser addition at MK1.5.

The principal aims of the present studies were to address: the influence of habitat
characteristics at different scales on the distribution of plant species on the skeletal
areas of the site; to test experimentally, hypotheses on the causes of the unusual
vegetation which were generated by the investigation of the habitat; to test the
hypothesis that nutrients may limit growth on the skeletal soil by observing plant
responses to added nutrients; and to rephrase the problems of the site’s barrenness and
its rarities in terms of site 'carrying capacity’ (Taylor et al. 1991) and its components.

Latin names of plants follow Stace (1991) with the exception of the genus Cochlearia

the authorities for which are from Rich (1991)



Chapter II

Soll micro-spatial variation and vegetation patterning
on the fellfield type skeletal soil at MK1. L. Variation

In the soil environment and vegetation

Introduction

This chapter deals with the spatial patténiing of the soil environment and vegetation.
The next chapter deals with the correlations between them and the scale dependence of
the pattern and the correlations.

Soil properties and vegetation usually display a pattern of some form (Greig-Smith
1979). The term ’pattern’ for use in vegetation ecology was defined by Greig-Smith
(1983) as a 'non-random distribution of species’. Kershaw & Looney (1935) classified
pattern according to causal factors at three different levels: (a) the morphological level;
(b) environmentally induced pattern, of one or more scales, of density distribution (-
diversity); and (c) ’derived pattern’ - intrinsic properties of the species growing together
and of microenvironmental variation.

The 1mportance of soil resource availability for vegetation development processes has
been a focus of community ecology (Grime 1979) and warrants the detailed study of
spatial patterning of soil characteristics and vegetation. The importance of

environmental heterogeneity in regulating community processes by influencing plant-to-



plant interactions has been stressed by Fowler (1988). The first step in tackling the
relationships between the environment and vegetation is to show that nutrient
availability does vary in characterisable fashion over the area under investigation. A
large number of studies have been carried out using various methods to show that
variation (pattern) in the environment causes variation in vegetation at the small to
medium scale (Legendre & Fortin 1989).

High levels of variability in the soil environment have been found in earlier studies (e.g.
Snaydon 1962). Over the past ten years an increasing number of publications have dealt
with the methodology to overcome the deficiencies of characterising soils by the overall
means of variables which blur locally important variation (Webster 19835, Trangmar et
al. 1985). The use of regionalised variables (geostatistical methods) has been proposed
to describe this variation which is not independent of space or time but follows a non-
random pattern. There have been many reports recently on thus characterising the soil
environment for a variety of ecosystems (e.g. Lechowicz & Bell 1991b, Palmer 1990,
Robertson et al. 1988, Kelly & Canham 1992, Jackson & Caldwell 1993) in the wake
of introductory discussions of the application of geostatistics in ecology by North
American workers (Robertson 1987, Rossi et al. 1992). The common feature of these
studies was that they used variograms to describe spatial dependence and directionality
of soil properties. Variograms are half variance values at known separation distances
plotted against those distance points and are calculated according to the following
formula:

')’(h)=1/2N(h)zz(i hijeh (vi-vj)2 where v is the semivariance, v,,..., v, are the data values
summed over only the data pairs which are separated by h distance, and N is the

number of samples (Isaaks & Srivastra 1989).



The advantage of using variograms as opposed to traditional block-size techniques (e.g.
Greig-Smith 1952) in detecting pattern in vegetation has recently been argued by Palmer
(1988), who pointed out that variograms plot variance as a continuous function of scale,
resulting therefore in a less angular diagram than the block-size method. Also, the scale

limitation of the block-size method is overcome when variograms are used to describe

pattern.

Previous work has established that the unusual floristic composition of the vegetation
on skeletal soil at MK1 is at least partly due to soil chemistry (Proctor et al. 1991).
Other types of soil at the site support fully developed low-alpine grass heath, and in

some low-lying patches, blanket bog. No study had been made of the microspatial
environmental variation in habitat characteristics on the open areas of MK1 and how

different conditions there might affect plant growth.
The aims of the present study were: (1) to characterise soil spatial variation at two
scales (0 - 300 cm and O - 900 cm) and to describe spatial structure; (2) to detect the

patterning of individual species and the assemblage of species as a whole by using

variograms.

Material and Methods

STUDY SITE

The study was carried out at the south-west tip of MK1 where a sample area of 3 m x
3 m (later extended to 9 m x 7 m) was chosen for intensive investigation. The area

faced west and was at the bottom of a short slope of about 9° (Fig. 2.1). The area was



chosen because it showed a gradient in plant distribution along its slope and included
a part which was completely devoid of vegetation and it was thought that environment -

vegetation correlations would be readily identified there. The area had a skeletal soil

with sparse vegetation restricted to a few species, mainly Agrostis vinealis, Armeria

maritima, Cerastium fontanum ssp. scoticum, Cochlearia pyrenaica ssp. alpina, Festuca

rubra and Lychnis alpina. The vegetation immediately up-slope of the area was short

alpine grass heath - an intermediate form between the sub-communities Empetrum

nigrum ssp. hermaphroditum - Cetraria islandica and the typical sub-community of the

Nardus stricta - Carex bigelowii community (Rodwell 1992). There was exposed

bedrock at the top of the slope above the short alpine grass heath.

SAMPLING AND ANALYSES

Sampling design

The sampling was designed to produce samples for the investigation of the spatial
dependence of soil characteristics at two different scales (Fig. 2.1a,b), The 3 m x 3 m
arca was spatially regularly sampled between 8-15 May 1992 following Webster’s
(1985) recommendations. Two hundred and twenty-eight samples were collected, thirty-
six of which were at the intersects of a grid of 50 cm x 50 ¢cm overlying the 3 m x 3
m area. The remaining 192 samples were grouped in eight clusters each of twenty-four
10 cm x 10 cm quadrats in two fixed (Nos. 1 and 36) and six randomly selected (Nos.
3, 7, 10, 18, 26 and 34) 50 cm x 50 cm sub-plots (Fig 2.1b). The sample area was

extended to 9 m x 7 m at the second sampling between 28 September and 3 October



(b)
Fig 2.1 The area used for the pattern study described in the text. The upper photograph
(a) shows the total 9 m x 7 m area sampled in October 1992; the lower photograph (b)
shows in more detail the 3 m x 3 m area (from the top right hand corner of the area of
the upper photograph) which was sampled in May 1992.



1992 (Fig. 2.1a). Samples were taken from thirty-six points at the 50 cm x 50 cm
intersects of the original 3 m x 3 m grid. Further samples were collected from the
intersects and the middle of the squares of a 100 cm x 100 cm grid within the 9 m x
7 m sample area. The October sampling had 144 samples. For logistical reasons,
samples for soil chemical characters were not collected at the fine (10 cm x 10 cm)
scale in October. However, vegetation data were recorded for an additional six 50 cm
X 50 cm sub-plots (Nos. 37, 50, 59, 67, 84 and 88) at that scale, resulting in an extra
144 samples. It is of importance for constructing variograms that the number of samples
is sufficient. Webster (1985) repommended that for transects the number ‘should be
about one hundred and at least eighty pairs should be available for comparison at each
lag distance, although more conservative estimates set these figures higher. The numbers
of samples on both sampling occasions were sufficient to produce reliable estimates of
spatial dependence for the variables investigated as the number of pairs at each lag was

at least five hundred.

Vegetation

The density of all plants was recorded in the 10 cm x 10 cm quadrats. Two hundred
and twenty-cight samples were collected in May and 288 (144 + 144) in October. For
graminolds the number of ramets was recorded, while species with distinguishable

genets (e.g. Armeria and Lychnis), were recorded as single plants irrespective of the

number of rosettes.

Soil chemistry

10



Ion-exchange resin bags were used to assess nutrient availability. Sibbesen (1978) and
Smith (1979) have argued that ion-exchange resins can be used as model roots because
their 1on uptake capacity character is similar to that of plant roots. A number of authors
have reported that results for ion-exchange resins reflected nutrient availability better
than traditional methods (Tran et al. 1992, Smith 1979, Cooke & Hislop 1963). By
using 1on-exchange resin bags it was thought that a more realistic estimate could be
obtained for nutrient availability as this is an in situ method which also allows for the
effect of varying soil water.

The resin bags were prepared according to Gibson et al. (1987). Nylon mesh with an
average aperture size of 400 um (Plastok Associates) was used to construct bags of 7
cm x 7 cm. Seven g of cation exchange resin (Amberlite IR 120(plus), supplied by
Aldrich Chemical Co. Ltd.) and 5 g of anion resin (Amberlite IRA-400(Cl)) were
weighed out and mixed in each bag. The bags were heat-sealed and regenerated by
shaking for 30 min with each of three changes of 5% hydrochloric acid and then rinsed
in deionised water. Following the recommendations of Proctor & Nagy (1992) for
sampling depth on ultramafics, the bags were placed about 5 cm below the soil surface
and recovered after 5 d. (In a pilot study carried out in the laboratory, resin bags were
left'in MK1 soil with different water contents (moist and field capacity) for 1 d and 5
d. It was found that the 5 d period was appropriate to reflect differences in ion
availability in soils of both water contents without the risk of exceeding the exchange
capacity of the resins.) Care was taken to minimise disturbance to the structure of the
soil at the sampling points. A trowel was used to lift up the upper 5 cm of soil in one
piece and after placing the bags under it, a slight tapping ensured good contact without

compaction between the soil and the bags.

11



The ion-exchange resin bags were sealed in plastic bags individually at collection and
were kept in a cold room at 4 °C until processing. The bags were washed in running
deionised water to remove soil attached to their surface and then were eluted in 100 ml
5% HCI in an end-to-end shaker for 30 min. The eluates were filtered through Whatman
No. 44 filter papers and stored in polythene bottles.

Potassium, calcium, magnesium, iron and nickel concentrations were determined using
a Varian AA-575 atomic absorption spectrophotometer. Phosphorus for the May
samples was measured colorimetrically after a two-fold dilution of the samples on a
Fiastar 5010 flow injection auto-analyser using the stannous chloride-ammonium
molybdate method (Fiastar Application Sheet No. 60-02/83). Phosphorus- was also
determined using the ammonium molybdate - potassium stannous tartarate method:
Nitrate-nitrogen was determined colorimetrically by using the sodium salicylate method
and ammonia-nitrogen by titration with sodium hypobromide after neutralising with
sodium hydroxide. |

For pH measurements, soil cores were collected from the intersects of the 50 cm x 50
cm grid and also from three sub-plots of twenty-five quadrats each in early May 1992.
The sampling points were different from those for the available-ion determinations to
avoid interferences caused by exchanged protons and chloride ions and also to allow
further sampling for nutrients at a later date. Measurements of pH were made on 10 g

of fresh soil mixed with 25 ml 1M KCI at room temperature.

Physical characters

12



Angular stones cover much of the soil surface of the area investigated. To assess
stoniness, photographs of the 10 cm x 10 cm quadrats were visually scored on a 1 to
5 scale (1, quadrat surface dominated by one single stone; 2, one large piece of stone
taking up half of the quadrat; 3, one piece covering up to 25% of the surface, rest is
rough grained; 4, medium grained, homogenous or heterogenous; and 5, fine grained,
homogenous; see Fig. 2.2). These values 1-5 were converted to plant available-area
values calculated as described below. The simplified assumption was made that the
surface stones are two dimensional and that as they are cut successively into four of
diminishing sizes the cracks or generated lines (which would be available for plant
colonisation) follow a mathematical sequence. If the area overlain by a quadrat, with
sides of unit length, is of a one-piece solid rock which is bigger than the quadrat, then
that area is not available for plant growth and a value of zero is assigned to it. In the
case where the stone 1s just smaller than the quadrat an ’available-area’ of four unit
lengths is available for plant colonisation. If this is divided into four (which would
represent stone sizes of 5 cm x 5 cm) the total ’available-area’ would be six, and further
division would result in ten. Thus fragmentation (F) would follow the formula: F =
4u+2"-2, where u 1s unit length of the side of the experimental quadrat and the n is the
number of division into four of the previous stone size. The fragmenting theoretical
stone would therefore provide an increasingly higher ’area’ for plant colonisation (Fig.
2.2)

Soil depth was estimated 1n the 144 quadrats sampled by resin bags at the October
sampling. A graduated metal rod was forced into the soil until it hit bedrock, or any
larger stone. To avoid spurious estimates arising from hitting larger stones rather than

true bedrock, five values were obtained for each quadrat of which the extremes were

13
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disregarded in the calculation of mean soil depth.

Slope measurements were made to yield information about the position of the quadrats
along the slope relative to the highest point. The distances from a horizontal plane
projected from the highest point were calculated for the intersects of the 1 m x 1 m grid

by taking readings of the distances at those points in two directions along the two main

axes of the area.

Spatial dependence (pattern)

Geostatistical methods were used to study spatial structure at different scales (0-300 cm
and 50-900 cm) using the software package Geopack v1.0e (Yates 1990). -Variograms
were constructed for the soil variables investigated to describe spatial dependence by
illustrating the average degree of similarity between semivariance values of each
variable as a function of sampling separation distance. The interpretation of spatial
dependence by variograms 1s based on the fact that spatial (and also temporal) variables
are more likely to change gradually over distance (or time) rather than abruptly. This
will be indicated by increasing variance values up to a so-called ’sill’, after which the
variance equals the overall sample variance (mean variance). Samples of spatial
variables separated by distances less than the range (the distance between zero distance
and the distance at which the sill 1s reached) are spatially (or temporally) dependent,
and therefore predictable from known values. The range is a measure of spatial
dependence. In some cases the variances of soil properties appear to have no limit, that
is they show no finite variance and do not reach a sill (unbounded variograms). In other

cases there may be a complete absence of spatial structure implying the lack of

14



quantifiable spatial relationships at the scale used.

The sample variograms were used to create model variograms by least-square fitting
techniques for the ’kriging’ routine (an estimation method based on rcciprocﬂ averaging
and taking into account spatial dependence and directionality) to estimate values for
constructing maps with different resolutions for the study area. Most variograms
generally approximate simple forms which are amenable to fitting simple functions to
them. There are four main types of model which are most frequently used: linear
models, spherical models, exponential models and hyperbolas (Webster 1985). Not all
variogram curves will go through the origin of the co-ordinate axes but will indicate
some degree of variability at distance zero (h,=0). This so called ’nugget effect’
(Journel & Huyjbregts 1978) may be caused by intrinsic random variation in the
variables or 1t may suggest that spatial dependence is not detectable at the scale used.
Block diagrams were used to display the patterns of variation for the variables
investigated. In the gradient analysis (Chapter III) the values for environmental variables
at the 20 cm x 20 cm, 30 cm x 30 cm, 40 cm x 40 cm and 50 cm x 50 cm spatial
scales were derived from maps constructed by the above method for the six 50 cm x
50 cm quadrats sampled in October.

Variograms were constructed to detect pattern for each of the main plant species
occurring at the site using a combined total of 480 vegetation data available from the
two samplings (228 + 238 - 36 for overlapping samples = 480). The density scores were

="

log-transformed before analyses to reduce the weighting of occasional high values.
Varlograms were also constructed using the total information of the vegetation samples.
To be able to assign a single value to each sample, principal components analysis

(PCA) was done on the combined total of 480 samples and the sample scores for the
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first axis were then used in calculating the variograms. After an initial log-
transformation no further transformation was done on the data matrix, thus the derived
values on the first PCA axis were all positive. High numbers of quadrats contained no
plants at all. These non-occurrences are usually not considered in ordination. However,
since 1n this case the aim of the PCA was to summarise the vegetation data for each

quadrat as a single value for the calculation of spatial dependence, quadrats with no

plants were assigned a value of 0.1.

Results

SOIL CHARACTERISTICS

The pilot study and data from elsewhere (Gibson et al. 1987) showed that the amount
of ions exchanged from the soil depends on the length of time for which the bags are
left in the soil and on the amount of resin(s) used. Also, the pilot study showed the
importance of the water content of the soil for ion availability. The same protocol was
followed at all sampling points at both times which allowed comparisons of ion
availability in space and time. It should, however, be pointed out that comparison of
the results with those obtained by other methods has to be done with caution.

Summary statistics for the soil analyses of the May and October sampling and
measurements on microtopography are presented in Tables 2.1 and 2.2. Mean values for
NO,, K*, Ca**, Mg®, iron (the ionic species were not determined and ’iron’ will be
used throughout in this chapter) and Ni** showed similar values both in May and

October. Apparently more H,PO,” was exchanged by the resins in October, although this
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may be due to the use of a different method for phosphorus determination for those

samples.

VARIOGRAMS

Variograms for the environmental variables are shown in Figs. 2.3-2.7 separately for
the May and October samplings. Summary tables for the model variograms for

environmental variables and vegetation are given in Tables 2.3 and 2.4. A differing
extent of spatial dependence was exhibited by the variables. NO,” data were not ﬁ
amenable to model fitting. They had a negligible level of autocorrelation with a range
of about 75 cm followed by a stable level of variance up to about 1.5 m (Fig. 2.3). On
the larger scale NO; values were random (Fig. 2.6). H,PO, éhowed weak
autocorrelation up to about 2 m then its variance remained stable (Figs. 2.3 and 2.6).
Values at the fine scale for K* look erratic after 60 cm of spatial dependence because
of the ’holes’ at 1 m and 2.5 m (Fig. 2.3). These may reflect spatial periodicity of some
sort (Trangmar et al. 1985). The variogram for the October data shows a clear spatial
dependence with a range of 300 cm (Fig. 2.6), which is comparable with that obtained
by Lechowicz & Bell (1992) in their study in a natural woodland. The variogram for
Ca** consists of two phases, one with a sill at 75 c¢m, followed By another one,
increasing linearly (Fig. 2.3). On the larger scale a weak spatial dependence can be seen
to about 7 m (Fig. 2.6). Mg* on the small-scale had increasing variances to 130 cm
followed by a linear phase as for Ca** (Fig. 2.4); on the larger scale, variance increased
up to 4 m (Fig. 2.7). The strongest level of spatial dependence at the small-scale is

shown by 1ron up to 75 cm (Fig. 2.4); on the larger scale, spatial déi)endence is clear
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Spatial | Model

dependence (%)

Soil variable Scale (cm) Range (cm)

0-300
0-900
0-900
0-300
0-900 30
0-300 5%

0-900 700

0-300 130*
0-900 400

0-300
0-900 390
0-300
0-300
0-900 390

Nitrate

o
-

Phosphate 0

oY
O

Spherical

20 (estimated)

-

DI

Gaussian

-

Calcium

S
—1

Spherical

Magnesium

N
O

Gaussian
Spherical
Spherical

I
VN
-]
-

Iron

=

Nickel Linear
Spherical

Spherical

5o
-

Lh
-

Soil depth

OO
~J

Table 2.3 Summary of the parameter values of the model variograms for soil chemical
and physical variables shown in Figs. 2.3 - 2.7, Spatial dependence is calculated as (C-
Co)/C where C is the value for the sill and C;the nugget. The lack of spatial

dependence 1s indicated by n.a. for models; data are not presented for soil properties
with apparent random spatial structure. * - initial flat phase of variograms.



Species Scale (cm)

Range (cm) Model

Spatial

dependence
(%)

48

Agrostis vinealis (0-300 40

Spherical

Armeria maritima 0-300

70 36 Spherical

Cerastium fontanum ssp. 0-300 52 Linear
scoticum

Cochlearia pyrenaica ssp. 0-300

alpina

Festuca rubra 0-300 40 50 Spherical
Lychnis alpina 0-300 40 46 Linear

Table 2.4 Model parameters for the variograms of plant species for the 0-300 ¢m scale.
* - no spatial structure was observed.
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Fig 2.5 Variograms of soil pH and stoniness constructed from the data collected in May
1992,
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Fig 2.11 Variograms constructed for total vegetation data using values of axis 1of a non-
centred, non-standardised PCA on log-transformed data.
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up to 4 m (Fig. 2.7). A variogram for Ni** was only constructed at the small scale
because of an inexplicable decreasing trend with increasing separation distance in
semivariance values at the larger scale (Fig. 2.4). Soil depth showed a clear increase in
semivariance to 390 cm (Fig. 2.7), while stoniness appeared to follow no degree of
continuity beyond 40 cm (Fig. 2.5). pH showed spatial dependence up to 150 cm (Fig.
2.5).

The variograms for the plant species showed different extents of spatial dependence

(Figs. 8-10). At the smaller scale, Agrostis exhibited a high level of spatial dependence
up to 40 cm, indicating patchy growth of that size (Fig. 8). When examined at the
larger scale, however it appeared that overall there was no spatial dependence and the
distribution of the species was rather random with peaks and troughs of spatial
periodicity alternating at distances of about 50 cm. (An aggregated structure recurring
at intervals will show spatial dependence for distances corresponding to the gap between

patch centres (Legendre & Fortin 1989). For Festuca after the 40 cm separation

distance, there was no further increase in the variance up to about 1 m. There was a

peak at 3 m and another at 7 m, with decreasing variance values for the distances in

between, indicating that Festuca probably grows in patches of 3-3.5 m (Fig. 10). At the

small-scale, Armeria (Fig. 8), Cerastium (Fig. 9) and Lychnis (Fig. 10) showed spatial

dependence up to 70 cm, 60 cm and 40 cm respectively, although at larger scales they
were nearly random. Cochlearia did not show any degree of pattern at the small scale,

while at the larger scale there was an indication of spatial dependence at a scale larger

than the total extent of the study area (Fig. 9).
Variograms for the total vegetation showed that three scales of pattern were discernible:

0-30 cm; 0-150 cm and 0-320 cm patch sizes (Fig. 11). There does not appear to be any
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indication of the existence of larger vegetation units beyond 320 cm.

Discussion

Values for resin-extractable K*, Ca** and Mg** were similar to those obtained by
Johnston & Proctor (1981) in their soil sqlution extracts. There were large differences
in NO, and H,PO, (ten to twenty-fold lower values for resins) and in iron and Ni**
(one hundred-fold and five-fold higher values for resins). To be able to assess ion
availability measured by ion-exchange resin extracts in comparison with traditional
methods, the hydrological balance at the sample area for the period of sample collection
would be needed. Also, a calibration experiment using bioassay plants would be
required. This is however not the concern of the present study because +va1ues for each
sample point were obtained by using the same method and therefore results are

comparable.

The principal aim of the study was to characterise soil spatial variation at two different

scales, one relevant to growth form, seed dispersal and establishment (10 cm to about-. -

50 cm) and one for vegetation patchiness (>50 c¢m). It could be demonstrated that
although there was a high point-to point variation at the 10 cm scale in the 50 cm x 50
cm sub-plots at the May sampling, the values for all cations increased significantly
between sub-plots down-slope (Table 2.5). The i'ange of spatial dependence 1s a function
of the scale used 1n a study. Ranges for soil properties quoted by Trangmar et al. (Table
1, 1985) were between 4-6 m where the sampling distance was similar to that used 1n

the present study.

The soil environment for many chemical factors was similar over distances of 0-3 m.
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This 1s in agreement with reports by other workers (Lechowicz & Bell 1991b, Palmer
1990, Kelly & Canham 1992). The nugget variance was high for most of the soil
variables (Table 3). This could have been caused by the inherent random variation at
the micro-scale, probably as a result of cryoturbation. The sample collection effectively
averaged the 7 cm x 7 c¢m area of contact of each resin bag. This variation in soil
properties at the micro-scale is unlikely to have any effect on plant growth phases other
than establishment. Then the very small scale variation may have an influence.
Strong spatial dependence of 30-60 cm was found for plants by examining the
variograms. It 1s noticeable that the nugget variances were all about 50% (Table 4). This
unaccounted variance may be. due to error arising from variation at a smaller scale. It
is probable that the level of spatial dependence is the highest at scales smaller than 10
cm, in other words, the high variance values at h, may reflect true clumping of plants
in at least some of the species.

In answering the questions "How far can habitat differences account for less intense and
small-scale pattern?’ and 'What other mechanisms may cause or reinforce spatial
heterogeneity or patchiness?’ Greig-Smith (1979) enlisted and evaluated the possible
roles of a number of abiotic and biotic factors. The relevance of these factors for the
present study requires review:

- Animals: there 1s certainly a role for animals (deer, mountain hare and
ptarmigan) in shaping the patchiness of the site on the small (0-30 cm) and
small-medium scales (50-300 cm) at least transiently. There is evidence for local
high nutrient input by these animals which, considering the nutrient-poor status

of the soil, could have profound effects on soil nutrient dynamics and plant

growth. Also they should be reckoned with as potential herbivores and, in the
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case of deer, potential sources of disturbance.
Interrelationship between plants: although plant density is low, interactions

cannot be ruled out altogether (see Chapter VI). The way these interactions may

contribute to pattern however 1is difficult to envisage.
Physical disturbance: cryoturbation and stone sorting and erosion occur regularly
and enhance chance events. In-areas with larger stones, it is likely that plants of

relatively higher stature (e.g. Cerastium and Festuca) will be more frequent

because the leeside of the stones can provide shelter from high winds.

It has already been pointed out that some of the species have inefficient seed dispersal,
while for the grasses, the growth form resulted in the small-scale pattern.

Many studies demonstrated that vegetation itself affects the soil environment (e.g.
Gibson 1988, Hook et al. 1991, Jackson & Caldwell 1993) and therefore perceived
patterns are determined by both inherent soil characteristics and by vegetation-soil
interactions 1n an age-dependent fashion. The scales at which spatial dependence was
apparent were similar for both some of the soil chemical characters (e.g. K* and iron)
and vegetation (Armeria, Cerastium, Lychnis). It can be hypothesised that those edaphic
factors which showsimilar (‘Elevel of spatial dependence to that of the vegetation may
be correlated and may be causal, as for example, Robertson et al. (1988) suggested for
the spatial heterogeneity of nitrogen availability and community structure in an old
field. The root systems of the plants at MK are of similar dimensions to those reported
by Spence (1957) for the Keen of Hamar, Unst, Shetland. The conditions that individual
plants growing together within the observed range of spatial dependence are likely to
éxperience are probably more definable than the ’average’ conditions individuals were

found to encounter 1n the study by Jackson & Caldwell (1993).
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Those chemical factors of which the scale of spatial dependence exceeds that of
specles/vegetation patterns can be proposed as non-effective at the given scale. It also
should be emphasized that whilé one factor may coincide In extént with that of the
extent of patterns in vegetation, others can be randomly occurring (Kelly & Canham
1992). In many cases therefore the cross-product of those factors may be of higher local
importance for plant establishment and early growth while later growth, spread, and
distribution are more likely to be determined by structural variation (pattern) in the soil
(Palmer 1990, Palmer & Dixon 1990). The consequences of the non-random variation
(patchiness) in the soil environment have also been clearly demonstrated for maintaining
intrapopulation variation (Lechowicz & Bell 1991, Lechowicz et al. 1991, Bell &
Lechqwicz 1991).

Spatial dependence (pattern) could be shown in the present study for both some soil
features and for most of the plant species. The following chapter (Chapter 1) will

further explore the soil - vegetation relationship at MK1 by using ordination techniques.
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Chapter III

Soil micro-spatial variation and vegetation patterning

on the fellfield type skeletal soil at MKI1. 1L

Correlations between vegetation and the soil

environment and their scale dependence

Introduction

This chapter deals with two main topics: correlations between the vegetation and soil
environment; and the scale dependence of pattern and of the vegetation and
environmental correlations.

The main interest for this study was the B-diversity (the change in species composition
along environmental gradients), though the use of different grain sizes for scaling will
require the discussion of the other types of pattern (Chapter II). (In this thesis ’grain
size’ is used interchangeably with 'quadrat size’ and ’resolution’; ’scale’ always refers
to linear distances; and ’extent’ 1s used for the size of the sampling area.) It is generally
assumed that differences in vegetation along gradients at scales larger than 1.5 m are
determined by differences in single or multiple (compound) environmental factors
effective at the appropriate scale. At smaller scales morphological traits and plant-to-
plant interactions are more important. Any correlation found between vegetation and
environmental factors can suggest causality but the use of additional information and

‘’commonsense ecological interpretation’ are needed to formulate hypotheses about cause
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and effect. Work on cause and effect often stops short of experimental confirmation and
is thus open to criticism.

The scale dependence of pattern, both spatial and temporal, has long been recognised
(Greig-Smith 1952, 1979). Perceived patterns can differ considerably in studies with
different extents of area and grain size (O’Neill et al. 1986, Wiens 1989, Reed et al.
1993). The scale dependence of observations necessarily limits the inferences that can
be made and the applicability of the results. Using a fine resolution will reveal a higher
spatial heterogeneity than the use of larger units which will average out small-scale
differences. Pattern often will not be detected if too fine a resolution is used, as the
latter may lead to equal or greater heterogeneity between points than exists between
larger units of observation. In other words, pattern may not be obvious because
environmental variation within plots, which themselves are composed of small-scale
units of observation, can be of similar, or higher magnitude than between plots (Palmer
1990). Using different grain sizes and extents to investigate if correlations between the
environment and vegetation are similar over a range of scales has received recent
attention (e.g. Allen & Hoekstra 1991, Reed et al. 1993).

The main objective of the work reported in this chapter was to determine to what extent
the measured variables may explain the observed vegetation pattern (environment
correlated pattern) and to use the correlations found to form a testable hypothesis as
to the causes of the distribution of the species. It was of related interest to investigate
how different grain size (100 cm? to 2500 cm?) and extent 3 m x 3 mand 9 m x 7 m)
affected these correlations: environmental and vegetation data at the 100 cm? grain size

were compared at the two extents; and grain sizes of 100 cm? to 2500 cm® at the 9 m

X 7 m extent.
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It was hoped that the information generated would help the conservation management

of the site.

Material and Methods

Data presented 1in Chapter II were used in the analyses carried out in this study.

ESTIMATION OF ENVIRONMENTAL VARIABLES

Environmental variables presented in Chapter II were used to study the environment -
vegetation correlations. Environmental variables for the six 50 cm x 50 cm sub-plots

sampled only for vegetation 1n October 1992 were estimated using the kriging method

introduced in Chapter II. The values for the 20 cm x 20 cm, 30 cm x 30 cm, 40 cm x

40 cm and 50 cm x 50 cm grain sizes were derived from maps constructed by the above

method.

VEGETATION PATTERN - GRADIENT ANALYSIS

Indirect and direct gradient analysis methods were cairied out to study the correlations
between environmental variables and vegetation. Principal components analysis (PCA)
and redundancy analysis (RDA) (the canonical form of PCA) were used to ordinate the
data because the relatively small spatial scale involved suggested a linear rather than
a unimodal response of species to environmental variables. The main feature of RDA

is that it selects the best linear combinations of environmental variables that give the
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smallest total residual sums of squares for ordination axes. The results of RDA’s were
compared with those of PCA’s to obtain an understanding of how much of the total
theoretically possible variance was explained by the environmental variables included
in the analyses. (It is possible to obtain high environment - vegetation correlations for
the ordination axes, but this may be of no importance in cases where the total variance
explained is negligible.)
Two sets of data, representing the two different extents of area, one of 228 samples for
May 1992 and one of 144 samples for Octobér 1992, were subjected a species-centred
PCA with standardisation by species norm. The transformations were used to increase,
the information value of the first axis (centring versus non-centring) and standardisationgf
to allow for the different growth forms (rosette v. grasses) in the density data used
(Greig-Smith 1983). Data were log-transformed to standardise variances. To allow for
the possible 'block effect’ (arising from the spatial autocorrelation in the vegetation and
environment data) at the May sampling (eight ’blocks’, each of twenty-five quadrats),
covariables were included. The ordination of the vegetation data was followed by a
regression of the environmental variables using CANOCO, ter Braak 1990). Finally an
RDA was carried out using data transformations identical with those used in the PCA’s.
Pattern and its correlation with environmental variables were studied at five
grain sizes (10 cm x 10 cm, 20 cm x 20 cm, 30 cm x 30 cm, 40 cm x 40 cm and 50
cm x 50 cm) to iInvestigate if the same environmental variables were correlated with
vegetation at all resolutions. PCA’s were carried out on data sets of fourteen vegetation
samples for each of the five grain sizes. This was followed by RDA’s to ascertain if the

correlations between vegetation and the environmental variables were identical at all

grain sizes. The data transformations were identical to those described above.
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EFFECT OF INCREASING QUADRAT SIZE ON PLANT DENSITY

The average number of individuals per 100 cm® was plotted against the area of quadrat
using contiguous quadrats (the eight 50 cm x 50 cm quadrats of the May sampling with
the twenty-five 10 cm x 10 cm quadrats). Samples were generated by using the four
corners of the 50 cm x 50 cm quadrats as the four starting points resulting in four sets
of data for each of two 50 cm x 50 cm quadrats. The contiguous quadrats were laid
down in such a way that they increased diagonally (1%, 22, 3%, 4%, 5%), the 5° being

identical in all four cases.

Results

RESULTS OF THE PCA USING 10 CM X 10 CM GRAIN SIZE AT THE TWO DIFFERENT

EXTENTS

The PCA ordination diagram for the May 1992 data is shown in Fig. 3.1. The inclusion
in the analysis of the covariables caused about 9% reduction in the total 'of the
eigenvalues. The species-environment correlations were 0.279, 0.207, 0.229 and 0.255
for the first four axes. In addition the sum of the canonical eigen values was 0.070, a
very low value.

Figure 3.2 shows the results of the PCA for the October data. The regression of the
environmental variables revealed low correlation between the species and the

environment (0.269, 0.281, 0.307 and 0.253 for axes 1-4). The canonical eigenvalue was

0.074.
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Y o 0 o o

Fig 3.1 PCA (species centred and standardised by species norm) ordination diagram for
the May 1992 data. The quadrat size was 10 cm x 10 cm (228 samples), and the extent

of the sample area was 3 m x 3 m. AGR VIN, Agrostis vinealis; ARM MAR, Armeria

maritima; CER FON, Cerastium fontanum ssp. scoticum; CHE SED, Minuartia

sedoides; COC PYR, Cochlearia pyrenaica ssp. alpina; FES RUB, Festuca rubra; LYC
ALP, Lychnis alpina.

+1.0
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CAR 3P,

CER FON

LYC ALP
LYC CLA

Fig 3.2 PCA (species centred and standardised by species norm) ordination diagram for
the October 1992 data. The quadrat size was 10 cm x 10 cm (144 samples), and the

extent of the sample area was 9 m x 7 m. Additional species abbreviations to those

given for Fig. 3.1: CAR SP., Carex bigelowii; DES FLE, Deschampsia flexuosa; EUP
SP., Euphrasia sp.; JUN SP., Juncus trifidus; MOS SP., unidentified moss, RAC LAN,

Racomitrium lanuginosum, VIO CAN, Viola canina.
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Fig 3.3 PCA (species centred and standardised by species norm) ordination diagram for

the fourteen-sample set. The grain size was 10 cm x 10 cm (eight quadrats from the

May set and six from the October set), and the extent of the sample area was 9 m x 7
m.
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Fig 3.4 PCA (species centred and standardised by species norm) ordination diagram for
the fourteen-sample set. The grain size was 20 cm x 20 cm (eight quadrats from the

May set and six from the October set), and the extent of the sample area was 9 m x 7
m.
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Fig 3.5 PCA (species centred and standardised by species norm) ordination diagram for

the fourteen-sample set. The grain size was 30 cm x 30 cm (eight quadrats from the

May set and six from the October set), and the extent of the sample area was 9 m x 7
m.
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Fig 3.6 PCA (species centred and standardised by species norm) ordination diagram for

the fourteen-sample set. The grain size was 40 cm x 40 cm (eight quadrats from the

May set and six from the October set), and the extent of the sample area was 9 m x 7
m.
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Fig 3.7 PCA (species centred and standardised by species norm) ordination diagram for
the fourteen-sample set. The grain size was 50 cm x 50 cm (eight quadrats from the
May set and six from the October set), and the extent of the sample area was 9 m x 7
m.
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Fig 3.8 RDA (species centred and standardised by species norm) ordination diagram for
the fourteen-sample set. The grain size was 10 cm x 10 cm (eight quadrats from the
May set and six from the October set), and the extent of the sample area was 9 m X 7
m. The sum of constrained eigenvalues was 0.472.
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Fig 3.9 RDA (species centred and standardised by species norm) ordination diagram for
the fourteen-sample set. The grain size was 20 cm x 20 cm (eight quadrats from the
May set and six from the October set), and the extent of the sample area was 9 m x 7
m. The sum of constrained eigenvalues was 0.557. The environmental variables for the
six quadrat from the October sample set are estimates obtained by punctual kriging.
Numbers refer to sub-plots (quadrats).
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Fig 3.10 RDA (species centred and standardised by species norm) ordination diagram
for the fourteen-sample set. The grain size was 30 cm x 30 cm (eight quadrats from the
May set and six from the October set), and the extent of the sample area was 9 m x 7
m. The sum of constrained eigenvalues was 0.664. The environmental variables for the

six quadrat from the October sample set are estimates obtained by punctual kriging,
Numbers refer to sub-plots (quadrats).
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Fig 3.11 RDA (species centred and standardised by species norm) ordination diagram
for the fourteen-sample set. The grain size was 40 cm x 40 cm (eight quadrats from the
May set and six from the October set), and the extent of the sample area was 9 m x 7
m. The sum of constrained eigenvalues was 0.758. The environmental variables for the
six quadrat from the October sample set are estimates obtained by punctual kriging.
Numbers refer to sub-plots (quadrats).
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Fig 3.12 RDA (species centred and standardised by species norm) ordination diagram
for the fourteen-sample set. The grain size was 50 cm x 50 cm (eight quadrats from the
May set and six from the October set), and the extent of the sample area was 9 m x 7
m. The sum of constrained eigenvalues was 0.800. The environmental variables for the
six quadrat from the October sample set are estimates obtained by punctual kriging.
Numbers refer to sub-plots (quadrats).
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VEGETATION-ENVIRONMENT CORRELATIONS USING FIVE GRAIN SIZES

Figures 3.3-3.7 show the PCA diagrams for the 10 cm x 10 cm, 20 cm x 20 cm, 30 cm
X 30 cm, 40 cm x 40 cm and 50 cm x 50 cm quadrats. The relative position of the
species along the first two axes showed high variation with increasing quadrat size
showing convergence 1n the 40 cm x 40 cm to that in the 50 cm x 50 cm.

The use of constrained ordination resulted in dissimilar results from that of the PCA’s
at the two smallest grain sizes (10 cm x 10 cm and 20 cm x 20 cm) (Figs. 3.3-3.4 v.
Figs. 3.8-3.9). This was the result of the low total of canonical eigenvalues (0.472 and
0.557) relative to those in the PCA’s. The increase in the canonical eigenvalues at larger
grain sizes (0.664, 0.758, 0.733) was reflected in better agreement between the PCA and
RDA results. The investigation of correlations between vegetation and en\;ironmental
variables showed that there was no consistent pattern over the scale considered (Figs.

3.8-3.12). A relatively good agreement was only found between the two largest grain

S1Zes.

A high level of species-environment correlations was found for the first four PCA axes
(0.944, 0.888, 0.953 and 0.882). The results of the subsequent RDA are displayed in the
triplot for the fourteen 50 cm x 50 cm quadrats in Figs. 3.7 and 3.12. Using constrained

ordination did not decrease the sum of the eigenvalues to a large extent (1.000 v. 0.733
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and 1.000 v. 0.800 when slope was also included), which indicates that the
environmental variables included in the analysis were satisfactorily explaining the
underlying gradients. Mg*, slope, and K* were most highly correlated with axis 1, and

Ni** positively, and stoniness and H,PO, negatively with axis 2. Agrostis, Armeria

Cerastium and Lychnis had high negative scores on axis 1 showing a negative
relationship with slope, Mg**, K*, soil depth, and (weakly) with stoniness. Festuca

showed no significant correlations with variables for axis 1 and stoniness.seems to have
had the largest effect on its distribution. Cochlearia showed the highest correlation with

stoniness (negative), and with Ni**, K*, iron and Mg*" (positive) in decreasing order.
g g g

EFFECT OF INCREASING QUADRAT SIZE ON PLANT DENSITY

Figure 13 shows the effect of increasing quadrat size on density. The two grass species

Agrostis and Festuca showed a very unstable average density value with increasing

quadrat size and no convergence to a final value at 50 cm x 50 cm. The two multiple-
rosette forming species Armeria and Lychnis also required the size of 40 cm x 40 cm
to give a broad agreement with the densities at the final quadrat size investigated.

Cerastium and Cochlearia on the other hand showed a low amplitude of variation after

reaching the 30 cm x 30 cm size.

Discussion

There were no differences between the environment-vegetation correlations with
increased extent of sampling. This agreed with Reed et al.’s ﬁndiﬁg in a forest (1993).

The data from the fine-grained sampling (10 cm x 10 cm) at both area sizes showed a
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very low correlation between vegetation and the environment. At first sight this may
be taken to indicate that the species distribution was not related to the environmental
variables measured. In that case the observed pattern might be a result of growth form
and restricted seed dispersal and vegetative growth. If that were so, one would expect
such an explanation to hold at any scale of observation and regional differences between
sub-plots would not be apparent. The PCA on the May data, allowing for the block
effect, gave a similar result to that where all quadrats were treated as independent
samples. However, 1t could clearly be demonstrated that there were significant
differences between sub-plots with increasing availability of the cations down-slope
(Table 2.5) and there were grounds to expect this difference to be reflected in species
composition (provided that the differences in ’the composite environmental variable’ are
large enough to induce a species-scale response, Greig-Smith 1983). “When the
environmental factors were correlated with the vegetation data at the 10 cm x 10 cm
resolution the regional (between sub-plot) differences were not obvious. The very low
values obtained for the RDA eigenvalues were an indication of the poor correlations
between vegetation and the environment factors investigated at this grain size. It is
noteworthy that when the analysis was repeated at the same resolution on a fourteen-
sample sub-set, representing the tourteen sub-plots, better agreement was found between
the eigenvalues for the unconstrained and constrained ordination (1.000 and 0.472) than
was the case when the full data set were analysed (corresponding eigenvalues were
1.000 and 0.070). A word of caution is appropriate here on the limitations of this type
of analysis using a small number of samples only.

Was the quadrat size of 10 cm x 10 cm appropriate for this analysis? The results of the

exhaustive sampling of the eight 50 cm x 50 cm sub-plots revealed a high point-to-point
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variation for both vegetation and environment. The analysis of the effect of using
Increasing successive contiguous quadrat sizes for vegetation sampling showed that

there was too high a chance of a hit, or miss for the 10 cm x 10 cm quadrats to

represent an ’average’ vegetation (Fig. 3.13) It could be seen that the convergence to

an average density value required at least a 40 cm x 40 cm quadrat size for most of the

species, especially the grasses, reflecting their vegetative spread, or clumped growth due

to restricted seed dispersal as in Lychnis for example.

Samples of 10 cm x 10 cm had seemed appropriate because they contained a range of
numbers of individuals from zero to many with various combinations of species.
Moreover 1t 1s questionable 1if quadrats of this size were relevant for plants as a whole.
Plants are likely to extend their root system beyond the area of their aerial parts,
especially in shallow, nutrient-poor soil. They are likely to exploit a range of
"microhabitats’ (Fitter & Hay 1987), which may have much environmental variation at
the micro-scale. This characteristic of plants has largely been overlooked at scale
selection for pattern studies. The large extent of plant root systems would support the
use of regional estimates for gradient analysis rather than individual measured values
since regional estimates are based on averaging neighbouring values using an algorithm
which takes into account overall trends with distance and direction. Successive analyses
on increasingly larger vegetation units to detect pattern and environment-vegetation
correlation should then use environmental variables estimated at correspondingly coarser
resolutions to reflect more of an average environment. The use of environmental
variables estimated 1n the above way may, however, mask local extremes which may

have important effects on plant establishment, or survival.

We must be aware of Wiens’ (1989) cautioning words: ’If we study a system at an
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inappropriate scale, we may not detect its actual dynamics and patterns but may instead
identify patterns that are artefacts of scale. Because we are clever at devising

explanations of what we see, we may think we understand the system when we have

not even observed it correctly’.

The higher correlation between environment and vegetation with increasing grain size
was in concert with Reed et al.’s report (1993). There was, however, an inconsistency
in the results for correlations between environmental factors and vegetation obtained by
using different grain sizes (also found by Reed et al. 1993). This indicated that different
factors (and possibly processes) were of importance at different scales at MK1. It 1s
generally accepted that when one makes observations using a specific grain size at a
given extent, the validity of deductions is also limited. The use of different grain sizes
in this study demonstrated the level of uncertainty involved. It is reasonable to conclude
that, having examined by various techniques the patterning of vegetation and soil
variation at MK1 (variograms in Chapter II. and levels of environment-vegetation
correlations, this Chapter), that a minimum grain size of 40 cm x 40 c¢m is to be
recommended for a hypothesis-generating analysis, There are however constraints as to
the extent because of the actual physical sizes of open areas of skeletal soil.

There are aspects, for example the environmental-gradient induced genetic
differentiation in species, which fall outside the scope of the present study, but which
may be of great importance for some rarities at the site such as Cerastium and Lychnis.
Within the range of species-scale response, small-scale patterning of the environment
may also lead to the development and maintenance of genetically diverse populations
(Lechowicz & Bell 1991), or genetic differentiation at the genotype level and

differential physiological responses (Monson et al. 1992).
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In view of the above discussion on grain size and the scale of spatial dependence
exhibited by the plant species (Chapter II) one can most reliably accept the results of
the ordination carried out on the S0 cm x 50 cm quadrat data. The environment-species

correlations suggested different factors as possible causes for species distribution: it is

hypothesised that Festuca 1s indifferent to MK1 soil chemistry; Agrostis, Cerastium, and

Lychnis prefer low water tables and are magnesium avoiders; and Cochlearia 1s tolerant

of high water table and high concentrations of cations, especially nickel. The responses

to solution magnesium and nickel by Cerastium fontanum ssp. scoticum, Cochlearia

pyrenaica ssp. alpina and Festuca rubra will be tested in Chapter 1V; and the impacts

of various iron and nickel availabilities for Cochlearia pyrenaica ssp. alpina will be

investigated in Chapter V.
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Chapter 1V

Comparative growth experiments using ultramafic and

non-ultramafic

races of Cerastium fontanum,

Cochlearia pyrenaica and Festuca rubra

Introduction

Magnesium toxicity has been considered as the major chemical factor in accounting for
the unusual floristic features of the vegetation of the ultramafic outcrops near Meikle
Kilrannoch (Proctor 1970, 1971). Proctor & McGowan (1976),.using oat (Avena sativa)
plants 1n conventional culture media showed that magnesium toxicity may be reduced
by nickel, an element which is at relatively high concentrations in many ultramafic soils

including Meikle Kilrannoch. Later, using Festuca rubra clones grown in water culture

solutions based on soil solution extracts, Johnston & Proctor (1981) showed that nickel
as well as magnesium was at potentially toxic concentrations, and in contrast to Proctor
& McGowan (1976), provided evidence of positive interactive toxic effects of the two
elements.

One criticism of the work of Proctor & McGowan (1976) and Johnston & Proctor
(1981) was their use of FEEDTA as an iron source. Several authors have recently
cautioned that interferences in solution Fe-chemistry may lead to erroneous conclusions
and suggested that FeEDDHA would be a better iron source than FEEDTA (Chaney &

Bell 1987). Computer programs have been developed to predict the likely ion speciation |,
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and equilibria in solution by using calculated stability constants (Halvorson & Lindsay

1972, Sposito & Mattigold 1980).

Iron chelates have long been used as an iron source in hydroponic systems. When Fe-
chelates are added to nutrient solutions some of the Fe** is displaced by other cations
and hydrous-ferric oxide is precipitated. The efficacy of different chelates to prevent the
precipitation of iron depends on their stability constant values, which in turn are often
influenced by solution pH (Lindsay 1979). A series of experiments were conducted to
characterise chelates available for plant research (Halvorson & Lindsay 1972, Chaney
1988).

The 1mplications of iron displacement are many-fold. Through precipitation iron supply
may reach a level which limits plant growth. When the hydrous-ferric oxide precipitates
on the root surface it may adsorb phosphorus and other nutrients (Chaney & Bell 1987)
and introduce an artefact in subsequent analytical work. In metal toxicity studies, metal-
chelates with high stability constants may be formed and the availability of the chelated
metals reduced. Halvorson & Lindsay (1977) give an instance where zinc availability
was reduced by chelation of the element. Recent work, where GEOCHEM was used to
assess the chemistry of the culture solutions used by Johnston & Proctor (1981) and
Proctor & McGowan (1976), suggested that their use of NaFeEDTA might have
affected their results through possibly reducing both iron and maybe nickel availability
(Proctor & Nagy 1992). One interest for the present study was if the type of iron-
chelate used had significant effects on plant growth in different Mg/Ni treatments. Three
species which are important in the make-up of the vegetation on the skeletal soil at the

Meikle Kilrannoch ultramafic outcrops were selected: Cerastium fontanum ssp.

scoticum, Cochlearia pyrenaica ssp. alpina and Festuca rubra for use in two
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experiments.

Experiment 1 compared the dry matter production and the uptake of iron and nickel by

Cochlearia species grown in solutions with FEEDTA and FeEDDHA to establish if the
choice of the iron-chelate significantly influenced plant growth in different Mg/Ni
treatments and also if the use of FeEDTA in earlier work (Proctor & McGowan 1976,
Johnston & Proctor 1981) may have resulted in erroneous conclusions.

Experiment 2 compared the effects of magnesium and nickel alone and in combination

on the growth of ultramafic and non-ultramafic species pairs of each of Cerastium

fontanum (Caryophyllaceae), Cochlearia pyrenaica (Brassicaceae) and Festuca rubra

(Poaceae). The main aims of experiment 2 were (a) to test the hypothesis that growth
responses to high concentrations of magnesium and nickel might differ among the
ultramafic species and help explain the different distributions of the three species in the
field and (b) to further investigate the causes of ultramafic exclusion through the
responses of the three species of non-ultramafic origin. This experiment was also used

to reassess Johnston and Proctor’s (1981) work on Festuca rubra.

A third experiment using soil collected at MK1 was set up to compare the growth of

the three species pairs’ growth in it.

Materials and methods

PLANT SPECIES

Seed material was collected for the three species at MK1, and in addition for F. rubra

and C. fontanum in a non-ultramafic acid grassland at about 600 m a.s.l. near the Corrie
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of Fee, (NGR 2775, 3725) Caenlochan NNR, Angus, Scotland in 1991. Non-ultramafic

material for C, pyrenaica ssp. alpina of non-metalliferous origin was obtained from Dr.
A.J.M. Baker’s stock collected on Benbulbin (Irish National Grid Reference: G 730,

465), Co. Sligo, Ireland in 1990.

PREPARATION OF SEEDLINGS

Seeds were germinated on wet filter paper in Petri-dishes and seedlings at the cotyledon

(Cerastium and Cochlearia), or first leaf stage (Festuca) were carefully put into glass

tubes held in holes in the lids of 600-ml beakers. All seedlings were grown initially for

a week 1n a culture solution with 1500 wmol magnesium and no added nickel (the

1.5Mg/ON1 treatment described later).

GROWTH CONDITIONS AND CULTURE SOLUTIONS

Plants 1n both experiments were grown in a growth room under a photoperiod of 12 h

light and 12 h dark with a PAR of 200 umol m™? s at plant level for 56 d.

Temperature was 17 °C during the day and 12 °C during the night. The 600 ml beakers

containing the plants were arranged in a completely randomised block design and were

rerandomised weekly, when the culture solutions were changed.

Experiment 1

Cochlearia pyrenaica ssp. alpina of ultramafic and of non-ultramafic origin were grown
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Compound used Concentration in culture solution
(umol 1)

NH,H,PO,

_

Table 4.1 Chemicals and their rate of application in the culture solutions used in Experiments
1 and 2. *MES is 2(N-morpholino)ethanesulphonic acid. ¥ Concentrations of these compounds

were experimentally varied and their concentrations in both treatments (with name of the
treatment in parentheses) are given in the right-hand column.




in experiment 1. The composition of the culture solutions (Table 4.1) followed that used
by Johnston & Proctor (1981) in their experiment No 2 with the modifications that 2(N-
morpholino)ethanesulphonic acid (MES) buffer was used to keep solution pH constant
after adjusting it to 5.5 by adding NaOH or HCl and KFeEDDHA was used as the iron
source according to Chaney (1988) for all species.

Four treatments; (a) 1500 pmol I Mg, 0 Ni (1.5Mg/0Ni); 7500 pmol I Mg, 0 Ni
(7.5Mg/ONi); 1500 pmol 1* Mg, 24 umol 17 Ni (1.5Mg/+Ni); and 7500 umol 1" Mg,
24 umol 1" Ni (7.5Mg/+Ni) were used. In addition, the Cochlearia’s of ultramafic and
non-ultramafic origin were grown in a solution containing 10 pmol 1" NaFeEDTA for
comparison. Five replicates were used in the solutions with FEEDDHA and three when

FeEDTA was used as the iron source,

Experiment 2

Cerastium fontanum ssp. scoticum and C. fontanum ssp. vulgare and Festuca rubra were

grown in this experiment using KFeEDDHA only as an iron source. Experiment 2 was
similar to Experiment 1 except that, because of the lack of sufficient suitable plant
material, the 7.5Mg/+Ni treatment was omitted for all but the Cerastium of non-
ultramafic origin. The number of replicates was five 1n each treatment.

The Cochlearia was not grown in Experiment 2 and the Cochlearia plants grown with
KFeEDDHA in Experiment 1 were used for comparing species responses to treatments

in the three species pairs.
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Experiment 3

Seeds of Cerastium fontanum ssp. scoticum, C. fontanum ssp. vulgare and of Cochlearia
pyrenaica ssp. alpina of ultramafic and of non-ultramafic origin of the same stock

described earlier were sown in a soil which had been collected at MK1 1n 1991 and
stored in a growth room for two years. Five seeds per species were sown 1n thoroughly

wetted soil in each of five 14-cm diameter pots in a growth room on 22 April 1993,
The growth conditions were identical to those above. The seedlings were inspected for

their appearance and their numbers were recorded on two occasions (10 May and 14

June 1993).

ANALYTICAL METHODS

The plant samples were digested in a concentrated sulphuric acid - hydrogen peroxide
mix (Allen 1989) in a block digester at 330 °C. Elemental analyses were 1dentical to

those described in Chapter 1l.

STATISTICAL METHODS

Three-way ANOVA’S were run for shoot and root dry weight, root weight ratio (RWR
= Wr/Wr+s; Wr is root weight, Wr+s is total weight) (Fitter & Hay 1987) and tissue
iron and nickel concentration data in Experiment 1. Prior to analyses, data were log-
transformed (log(x+1)) to ensure that the factor levels were additive. Multiple

comparisons for significant differences were determined by the Tukey test (Zar 1984).
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Because of the unequal number of treatments in the species in Experiment 2, one-way

ANOVA'’s were carried out on each species’ shoot and root dry weight and RWR.

Results

EXPERIMENT 1

IONIC SPECIATION IN THE CULTURE SOLUTION

Large differences in the ionic composition of the culture solutions with the different
chelators were predicted by GEOCHEM (Table 4.2). The GEOCHEM results indicated
that the addition of nickel to the solution with NaFeEDTA resulted in all but 4.19% of
the iron on the chelator replaced by nickel, which thus had its solution concentration
substantially reduced, and iron precipitated as iron phosphate. Also, with no added
nickel, copper was bound with EDTA leaving only about 4% as Cu** ions.. When
KFeEDDHA was the chelator however there were no appreciable cﬁanges in the
solution Cu** and Zn** on the addition of nickel (of which about 96% remained as Ni**)

and iron remained bound with EDDHA in plant-available form.

COMPARISON OF THE GROWTH OF COCHLEARIA PYRENAICA SSP. ALPINA OF

ULTRAMAFIC AND NON-ULTRAMAFIC ORIGIN AT VARYING Mg»* AND N

CONCENTRATIONS IN SOLUTIONS WITH FeEDTA AND FeEDDHA AS THE IRON SOURCE

Shoot dry weight
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Treatment I As free ion | Bound with | As free ion | Bound with
% EDTA % % EDDHA %

9)0

O
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Fe
-]
O
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. |
=00
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o
-~J

Table 4.2 Micronutrient ions in free ionic and chelate-bound form as predicted by

Geochem in the culture solutions prepared with NaFeEDTA and KFeEDDHA as iron
sources. Values are percentages of total.
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The shoot dry weights of the Cochlearia’s in the Mg/Ni treatments with FEEDTA and
FeEDDHA are shown in Fig. 4.1a. The iron source alone did not have an overall
significant effect on shoot dry weight production, while both the origin of the species
and treatment resulted in significantly different shoot growth (Table 4.3). All treatments
resulted in a significantly reduced shoot dry weight from that in the 1.5Mg/ON1 in the
non-ultramafic species. In the 7.5Mg/ONi MK, plants grew significantly better than
those of non-ultramafic origin only when FeEEDDHA was used as iron source. The
addition of nickel with magnesium (7.5Mg/+Ni) caused significantly higher dry weight
in plants of both origins when they were grown with FEEDDHA. Shoot dry weights in
the non-ultramafic plants were significantly less in all treatments with 7500 pmol
magnesium or added nickel, with either chelator, reaching lowest values in the

7.5Mg/+Ni (p<0.01). The response to treatments in ultramafic plants did not differ

significantly (p<0.05) with either iron source.

Root dry weight

The effects of the treatments on root dry weight production were similar to those on the
shoots (Fig. 4.1b). Iron source had no overall effect on root growth, however ultramafic
plants had better root growth with FeEEDDHA and non-ultramafic plants with FeEDTA
(Table 4.3). Also, there was a treatment response to iron source. 1.5Mg/ON1 plants
produced more roots with FEEDTA than with FeEDDHA, while in 7.5Mg/+N1 the
reverse was the case. Iron source also caused significantly different responses between
the Cochlearia’s of different origin in the various Mg/Ni treatments. There was a

pronounced reduction in root dry weight in the non-ultramafic race in 1.5Mg/ON1 with
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FeEDDHA (p=0.001) while ultramafic plants grew better with FeEEDDHA than with
FeEDTA. The higher magnesium treatment (7.5Mg/0Ni) caused significantly reduced
root production with FEEDTA (p<0.001) but not with FeEDDHA (p=0.055) in the non-

ultramafic Cochlearia. In the ultramafic Cochlearia, magnesium stimulated root growth.
Root growth 1n ultramafic plants was higher than in the non-ultramafic ones in all three
treatments with either iron source (p=0.001), and in addition ultramafic plants produced
significantly higher root mass with FeEDDHA (p=0.01) than with FEEDTA. MK1 plants
grew significantly better in 1.5Mg/+Ni with FeEEDDHA while no difference was found
for the non-ultramafic species. With 7.5Mg/+Ni both species grew slightly better in the
FeEDDHA-containing solution, however the differences from FeEDTA were not
significant.

RWR’s were, in the main, determined by the values for roots (Fig. 4.1c). While values
were mostly 1n the range of 0.13-0.20, the RWR was extremely high in the ultramafic
plants in the 7.5Mg/+Ni treatment (0.38). Values for the ultramafic plants were

significantly higher (p=0.001) with both iron chelates (Table 4.3).

—“_ﬂ_“

Shoot 1ron concentrations were significantly different in plants grown in the two iron
chelators with higher values in the FEEDDHA (Table 4.3). Also, there were significant
ditferences between the two species with higher concentrations in the non-ultramafic
plants. Iron concentrations were also significantly different in the different magnesium
and nickel treatments independently of chelator type. Races reacted differently to the

magnesium and nickel treatments. There were significant differences in the MK1 plants
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with either FeEDTA or FeEDDHA. Non-ultramafic plants took up significantly less iron
in 7.59Mg/+Ni than in either the 1.5Mg/ONi, or 7.5Mg/ONi with FeEDTA. With
FeEDDHA a similar pattern was observed, however without significant differences.
Differences in mean iron concentrations between the two species were determined by
the chelator type used and treatments applied (p=0.05). No significant differences were
found in the MK1 plants with chelator type, while the non-ultramafic Benbulbin plants
contained significantly more iron when grown in the FEEDDHA solutions in each case.
Nickel concentrations were not measured in treatments with no nickel addition (Table
4.4), There was no difference with chelators between nickel concentrations in the shoots
overall. Significant differences were found between species of different origin with
higher nickel concentrations in the non-ultramafic plants (p=0.001). Treatments with
7.5Mg/+Ni resulted in lower tissue nickel than 1.5Mg/+Ni (p=0.01) with non-ultramafic

plants containing higher nickel concentrations in both cases (p=0.05 and p=0.01).

There was a significant difference in root iron concentrations with the two types of
chelators with FeEDDHA-grown plants having higher iron. Also, plants of non-
ultramafic origin contained higher concentrations of iron than those from MKI.

Root nickel concentrations were not different with the two chelators (Table 4.3). The
roots of Benbulbin plants contained significantly higher concentrations of nickel than

the MKI1 plants (p=0.001) and in the 1.5Mg/+Ni they contained the highest

concentration of nickel (p=0.05).
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EXPERIMENT 2

COMPARISON OF GROWTH AND CHEMICAL COMPOSITION OF CERASTIUM FONTANUM,

COCHLEARIA PYRENAICA AND FESTUCA RUBRA IN VARIOUS Mg/Ni TREATMENTS

Dry weights

Table 4.5 summarises the relative shoot and root dry weight production and RWR’s 1n

the different treatments for Cerastium fontanum, Cochlearia pyrenaica, and Festuca

rubra. The different Mg/Ni treatments caused no significant changes in shoot dry matter

production in Cerastium of either origin but 7.5Mg/ONi in the ultramafic and 7.5Mg/0ON1
and 7.5Mg/+Ni in the non-ultramafic plants brought about a 35-50% reduction in root
mass (p<0.05; p<0.001, p<0.001).

The only significant response to treatment in the MKI1 Cochlearia was in the
1.5Mg/+Ni, where shoot dry weight was reduced by about 40% relative to the
1.5Mg/ONi (p<0.05). There was also a slight reduction in root mass in the 1.5Mg/+Ni,
however this was not statistically different from the 1.5Mg/ONi. The addition of
magnesium resulted in increased root masses, which together with the reduction in the
1.5Mg/+Ni led to significant differences between treatments with extra magnesium
(7.5Mg/ONi and 7.5Mg/+N1) and added nickel without extra magnesium (1.5Mg/+N1).
The Cochlearia of non-ultramafic origin showed dramatic responses to the addition of
7500 pwmol I'' magnesium or nickel and produced 70-80% less shoot dry weight. The
reduction in root mass was also significant in all but the 7.5Mg/ON1 treatments.
There were no effects of magnesium or nickel addition on the shoot and root dry weight

in the Festuca of ultramafic origin. Growth in the plants of non-ultramafic origin on the
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other hand was very much depressed in the 1.5Mg/+Ni and 7.5Mg/ON1 treatments. They
only produced 15% (7.5Mg/ONi) and 13% (1.5Mg/+Ni) shoot dry matter and 7% and
10% root mass when compared with the plants in the 1.5Mg/ONi solution.

Root weight ratios of the ultramafic plants did not differ from the 1.5Mg/ON1 in either
species. Non-ultramafic species showed differential responses. RWR was significantly
higher in the 1.5Mg/+Ni than in 7.5Mg/ONi and 7.5Mg/+Ni in Cerastium. Although
there was an increase of 22-44% in Cochlearia it was not significant (p<0.05). In

Festuca added magnesium (7.5Mg/0N1) significantly reduced the RWR.

Chemical composition

Tables 4.4, 4.6 and 4.7 show the elemental composition of the three species pairs in the

different Mg/N1 treatments.

EXPERIMENT 3

100% of the Cerastium fontanum ssp. scoticum emerged and 96% survived by June and
the plants were vigorous and green. Conversely, only 84% emerged in the C. fontanum
ssp. vulgare and the surviving plants (25% of the seedlings died) were minute, yellow
and apparently dying.

There was no reduction in the number of surviving plants in the ultramafic Cochlearia:
72% emerged by May and was increased to 76% by June. Only 48% ot the non-

ultramafic seeds emerged in May and two-thirds of them died by June and the

remaining one-third were also dying.
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Discussion

EXPERIMENT 1

In the original hypothesis it was assumed that the iron sources would not cause
differential growth responses in the Cochlearia’s of different origin. This was not the
case however. There was a depression of growth in the non-ultramafic plants in the
1.5Mg/0ONi solution with KFeEDDHA, which .was significant in the roots. This may
suggest that plants may have taken up some chelator which caused restricted growth.
There is no evidence for this however. Fe-chelates are not taken up intact; Fe™* is
reduced to Fe** and split off the chelator before uptake. The amount of chelators taken
up is thought to be very small with no effects on plant growth (Weaver et al. 1984,
Halvorson & Lindsay 1977). It is also possible that the depression in growth is
connected with the two to five-fold higher iron concentrations in the roots and shoots
of the Benbulbin plants in the FeEEDDHA-containing solution. It also should be born in
mind that the number of replicates was only three and inferences should be made with
caution.

Of the nickel-treated MK1 plants, 7.5Mg/+Ni with EDDHA caused significantly higher
shoot production and root growth was also increased when compared with EDTA. Shoot
iron was higher with FEEDDHA but not significantly so. Nickel concentrations in both
were not significantly different with the two iron sources. The improved growth may
have possibly been caused by the higher internal Fe/Ni quotient, a factor which has
been suggested as of importance in tolerance to nickel (Mizuno & Nosaka 1992).

However, it cannot be ruled out that the much increased availability of Cu® in the

46



solution with EDDHA (Table 4.2) was also a contributing factor. The concentration of
micronutrients (unspecified) in culture solutions was found to have important effects in
the simulated MK1 soil solution work of Johnston & Proctor (1981). Non-ultramafic
Cochlearia also benefited, however not significantly, from the use of FeEDDHA which
may be explained by its higher root iron, which may have afforded some ameliorative
effect on the toxicity of free Ni**. Also the above-mentioned increased availability of
Cu* is another possible explanation.

It appears that although there was some different responses to the chelates it did not
fundamentally affect the conclusions from the present experiment. Species effects were
much more significant. The species x iron chelate interaction observed in the 1.5Mg/ONi
however suggests control species for comparison in future ecotoxicological work must
be carefully selected. It is undesirable to have species pairs (or races) for comparative
ecological and ecophysiological work which respond differently to factors which are not
of prime interest since they may also confound inferences from true treatment effects.
It seems that not only 1s the choice of iron source important for hydroponic systems but
attention should be paid to the species x chelator interactions to best reproduce field

conditions for iron availability.

Based on the findings of Experiment 1 and those concerning the growth of Festuca

rubra with FeEDTA (Johnéton & Proctor 1981) and with FeEDDHA (Experiment 2,

present study) it seems likely that Johnston & Proctor’s (1981) results were probably

atfected by the use of FeEDTA, but their overall conclusions are not invalidated.
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EXPERIMENT 2

Comparison of the growth of Cerastium fontanum, Cochlearia pyrenaica and Festuca

rubra of ultramafic origin in different Mg/Ni treatments

The three species of ultramafic origin responded differently to the addition of
magnesium and nickel to the culture solution. Cerastium fontanum ssp. scoticum grew
less well 1n the presence of high magnesium; the addition of nickel did not cause a
significant reduction in shoot production; and root dry weight was not affected at all by
added nickel. It may be that the significant reduction in root growth was caused by
magnesium toxicity as was suggested by Proctor & McGowan (1976) for oats. Kinzel
(1982) suggested that there may exist a detoxifying mechanism in ultramafic plants,
especially in the Caryophyllace<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>