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Abstract 

The global climate has shown an increase of 0.6°C over the last century and 
a further rise of between 1.5°C and 5.8°C is predicted over the next century. 
It is expected that ecosystems at high altitudes and latitudes will be 
particularly sensitive to climatic change. European studies have shown an 
upward movement of plant species, which has been attributed to climate 
change. Given the lack of suitable historical surveys to investigate the 
potential changes in Scottish mountain vegetation due to global climate 
change over the past century, a different approach was needed.  

A two pronged approach was taken: Firstly, it was necessary to collect 
information on the potential for seed to move from lower vegetation zones to 
higher levels under predicted climate change. Secondly, it was necessary to 
determine if an increase in mean temperature, as predicted by the climatic 
models, would affect the strength of interactions between plants.  

In order to investigate the dispersal potential of mountain species, a study 
was designed to measure seed rain at a number of points along several 
altitudinal transects in the Grampian Mountains in Scotland, and soil cores 
were taken to measure the seed bank present. A survey of current vegetation 
was also carried out at the sites along the altitudinal transects. 

Open Top Chambers were used, to simulate the effects of predicted climate 
change, to test whether this would alter the balance between competition and 
facilitation in arctic/alpine plant communities. The experiment was set up at 
1000 m a.s.l. in the Scottish Highlands, using Carex bigelowii and Alchemilla 
alpina as target plants. The target plants were transplanted into replicate 
environmental treatments. Within each environmental treatment, the target 
plants were planted with and without neighbours. Measurements were taken 
of final above ground biomass, as well as environmental variables. 

No evidence was found for a significant upward movement of seed. Calluna 
seed has been found in the seedbank at higher altitudes than the surface 
vegetation. However this is unlikely to lead to Calluna colonising the alpine 
zone under the currently predicted levels of climate change. While the size of 
the Calluna seedbank has not changed significantly from previous studies, 
the level of Calluna seed rain does appear to be declining. The results of the 
experiment on the balance between competition and facilitation were 
inconclusive. Unfortunately it was also not possible to determine the relative 
importance of temperature and wind as an ecological factor in the Scottish 
alpine zone. 

In conclusion mountain vegetation zones in Scotland will not move as whole, 
but there may be migrations of individual plant species. These migrations 
could have unexpected consequences and may be in directions different to 
expectation. Changes in zonation of plant communities are unlikely to be 
driven by temperature alone, however the currently employed modelling 
approaches are not sensitive to other factors. There is a need for more field 
data to understand how climate change will affect the distribution of alpine 
arctic vegetation, before more reliable models can be developed. 
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As I did stand my watch upon 
 the hill, 
I look’d toward Birnam, and anon, 
 methought, 
The wood began to move. 
 
   Macbeth, Act 5, Scene 5 
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Chapter 1: Introduction 

 

1.1. Background: Evidence for climatic shifts in mountain vegetation 

 

The global climate has shown an increase of 0.6°C over the last century and 

is predicted to rise between 1.5°C and 5.8°C over the next century (IPCC 

2001). Ecosystems at high altitudes and latitudes are expected to be 

particularly sensitive to climatic change (Pauli et al. 1996). A number of 

models, using a climate envelope approach, has predicted reductions in 

species distribution for arctic/alpine plants due to climate change (e.g. 

Huntley et al. 1995, Cannell et al. 1997, Harrison et al. 2001, Bakkenes et al. 

2002, Berry et al. 2002, Pearson et al. 2002, Thomas et al. 2004), due to loss 

of suitable climatic conditions. For example, over recent years there has 

been increasing evidence that plant species in mountain areas are being 

found at higher altitudes than previously (Grabherr et al. 1994, Keller et al. 

2000, Kullman 2002, Klanderud & Birks 2003, Peñuelas and Boada 2003, 

Sanz-Elorza et al. 2003). Some of these European studies showed an 

upward movement of plant species, which has been attributed to climate 

change (Grabherr et al. 1994, Kullman 2002, Klanderud & Birks 2003).  

 

The Alps 

 

Grabherr and colleagues surveyed 26 summits of over 3,000 m above sea 

level (a.s.l) in the central Alps (western Austria and eastern Switzerland) in 

the summer of 1992. The data from this survey were then compared with 

historical records of cover and abundance of vascular plant species 

(Grabherr et al. 1994, 1995, Pauli et al. 1996, Gottfried et al. 1998). This 

showed an upward movement in the distribution of plant species. Working on 

the basis of 12 very precise historical records, they calculated the rate of 

upward movement of the nine fastest moving plant species to be between 1 - 

4 m per decade, with the rest extending their upward distribution by less than 
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one meter per decade (Grabherr et al. 1994). The historical records used for 

these calculations were collected between 1900 and 1920. The greatest 

increases in species richness were most pronounced at lower altitudes 

(Grabherr et al. 1994). 

 

Further west in the Alps, Keller and colleagues were able to study a “unique 

70 year data set of high-elevation permanent vegetation plots” in Schynige 

Platte in the Bernese Alps of Switzerland (Keller et al. 2000). They found that 

the probability of finding plant species which favour warmer conditions had 

increased since the 1930s, and they found a decrease in the number of 

species which prefer cooler conditions. These studies took place at altitudes 

above those where direct anthropogenic influences, such as livestock 

grazing, would have an effect (Keller et al. 2000). Also the change was found 

to be independent of changes in availability of nutrients, and so they 

concluded that changes in climatic conditions explained the changes seen in 

the vegetation. Their observations show close agreement with the upward 

migrations reported by Grabherr and colleagues.  

 

Spain 

 

Sanz-Elorza et al. (2003) investigated ’significant changes in vegetation’ over 

a 40 year period in the Peñalara massif (2430 m a.s.l) in central Spain. They 

found an upward movement of shrubs from lower levels into the Cryoro-

Mediterranean sub-alpine zone. This movement is possibly due to increases 

in temperature, changes in monthly rainfall patterns and reductions in snow 

cover. However other factors were also seen as being important, such as 

changes to the grazing regime in the 19th century.  

 

In a similar study in North East Spain, Peñuelas and Boada (2003) showed a 

“progressive replacement of cold-temperate ecosystems by Mediterranean 

ecosystems”, with a ca. 70 m upward altitudinal shift of beech (Fagus 

sylvatica). Here again changes in grazing regime and shepherding practice, 

as well as climatic change, have had an effect on the observed shifts in 

vegetation zones (Peñuelas and Boada 2003). This shows that the 
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relationship between shifts in vegetation zones and climate change can be 

part of more complex interactions, which can include changes in land 

management practice. 

 

 

Scandinavia 

 

Similar upward movements of plant species have been observed by 

Klanderud and Birks (2003) in the Jotunheimen mountains of central Norway 

(61° N) at altitudes between 1500 m and the summits above 2000 m. They 

found an increase in species richness and distribution on 19 out of 23 

mountains surveyed in 1998, when compared with detailed surveys carried 

out in 1930 – 31. No details are given about the four mountains where they 

do not report increases in species richness or distribution. The greatest 

increases were recorded in the east and at lower altitudes, with only slight 

changes in richness on windswept summits. A few species were reported to 

have decreased in frequency, these were species associated with late lying 

snow beds. However, Klanderud and Birks attribute this change to the effects 

of acid deposition, rather than climate change. They also report that some of 

the species most frequently found at high altitudes have “disappeared” from 

sites at lower altitude where they were previously recorded, but have 

increased in abundance at the highest altitudes. This they suggest may be 

due to the effects of strengthening competition. They considered the possible 

influence of other factors such as changes in grazing pressure, nitrogen 

deposition, and tourism, along with their interactions, but concluded climatic 

warming to be the major driver for the upward shifts of vegetation which they 

have reported (Klanderud & Birks 2003). 

 

In the Scandes mountains of northern Sweden (63°26’ N 13°06’ E), Kullman 

(2002) used a combination of repeat surveying of historical records from 

1955, and age determination of saplings to investigate changes in the range-

margin of seven tree and shrub species. He found individual species moving 

between 120 and 375 m in altitude and a rise in the overall forest tree line of 

between 100 m to 150 m. By examining the age structure of the saplings, 
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Kullman determined that they had established since 1987. This coincides 

with a period of warm summers and mild winters in that area (Kullman 2002). 

The saplings observed showed unchecked height increments, which is not 

characteristic of exposed high altitude saplings. Normally such saplings 

would exhibit stunted growth due to repeated winter dieback of the shoots 

(Grace 1997). It is also notable that dwarf shrubs such as Vaccinium 

myrtillus, Empetrum hermaphroditum and Betula nana did not extend their 

altitudinal ranges in the same manner. In contrast, in the more oceanic 

Jotunheimen mountains of Norway, Klanderud and Birks (2003) did find V. 

myrtillus had expanded its altitudinal range. This suggests that not all plant 

species will respond to global climatic change in the same way and at the 

same rates between and within sites. 

 

Australia 

 

It has been difficult to find similar studies from mountain areas outside 

Europe. Interestingly, a study from Australia has shown a downward 

movement of alpine vegetation. Kirkpatrick and co-workers, by analysing 

photographs taken between 950 m and 1014 m a.s.l. in 1989 and 2000 on 

the summit of Hill One, in the south of Tasmania, found that sub alpine 

“bolster heath” had retreated down slope and was being replaced by “Alpine 

heath” plants. This downward retreat of the bolster heath was attributed to 

increased exposure to south-westerly winds in winter (Kirkpatrick et al. 2002). 

Tasmania, being an island, is subject to strongly oceanic climatic conditions 

which are much closer to Scottish conditions than the Alps.  

 

Scotland 

 

Unfortunately, in Scotland there is little evidence of the impact of climate 

change on the altitudinal range of plant species. This is largely due to 

relatively few early published botanical surveys of the Scottish Highlands 

providing reference points. The first systematic botanical survey of the 

Scottish uplands was not carried out until the turn of the 19th and 20th 
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centuries by Robert Smith (Smith 1900). However, there is insufficient detail 

given in his published survey of the “North Perthshire District” (Smith 1900) 

for it to be possible to carry out a re-survey with any confidence. 

Unfortunately, details of Smiths own notes and records are unavailable. The 

next available historical botanical survey in the Highlands comes from Watt 

and Jones (1948), who were part of the Cambridge Botanical Expedition to 

the Cairngorms which took place over short periods during the summers of 

1938 and 1939 (Watt & Jones 1948). The expedition based itself at 

Glenmore Lodge and the main survey area was between Coire Laogh Mór 

(north east) and Creag an Leth-choin (south west). The most detailed 

surveys were carried out in Coire na Ciste (referred to as Margaret’s Coffin) 

and Coire Cas. Unfortunately these areas were developed in the 1960’s to 

form the core of the Cairngorm ski area (for a description of changes in 

vegetation cover in Coire Cas between 1966 and 1987, see Bayfield 1996). 

Watt’s personal notes and records along with photographic plates are now 

archived in the Library at The University of Aberdeen. While these provide 

good botanical detail of areas outwith those affected by the skiing 

development, i.e. Ben Macdui and Braeriach, the spatial detail given is 

insufficient for a re-survey to be undertaken with confidence. 

 

In the 1950s a systematic botanical survey of the Scottish Highlands was 

carried out McVean and Ratcliffe (1962). Unfortunately detailed records of 

this survey were not available. 

 

Given this lack of long term botanical records, it is not surprising that there 

are no published studies of re-surveying historical surveys in Scotland. There 

is only one study showing an upward shift in vegetation. Bayfield and 

colleagues (1998) have reported that, over a 40 year period, Pinus sylvestris 

saplings have colonised areas up to 850 m a.s.l. in the Northern Corries of 

the Cairngorms. Following observations made by Pears (1967), they 

recorded the density of these saplings along fixed transects in 1984 and 

1994, and found that there had been an increase in density in the second 

survey. The highest densities of saplings were found on the ridges between 

the corries at 650 m in the ski area. These findings are similar to those 
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reported by Kullman (2002) in Sweden, however it is unclear whether this 

increase in saplings is due to climatic change or the reduction in grazing 

pressure from red deer (Cervus elaphus) (Bayfield et al. 1998). 

 

The European studies detailed above are from areas which have a higher 

continentality index than Scotland (Figure 1.1). Continentality is a measure of 

how the climate of an area is affected by its remoteness from the oceans and 

oceanic air (Conrad 1964). The most often quoted indicator is the difference 

between average prevailing January and July temperatures. 

 

 
Figure 1.1. Conrad’s index of continentality based on European Gridded Climatology for 
1961 -1990 (Hulme et al. 1995), taken from Crawford (2000). Areas nearest the oceans with 
low continentality have a low annual temperature range and those further away have a high 
annual temperature range. 
 

While the Jotunheimen mountains of Norway are climatically closer to 

Scotland than the Alps, they are still more continental than the Grampian 

mountains in Scotland. The results of Klanderud and Birks (2003) show a 

distinct trend with increasing change in species and species richness from 

west to east, suggesting that continentality may be a factor. Unfortunately, 

they did not have sufficient data to investigate this fully (Klanderud pers. 

comm.). This would suggest that predictions for Scotland based on these 

studies should be treated with caution, as the Scottish climate has a strong 

oceanic rather than continental influence. With the changes in climate 

predicted with global warming, the western and northern regions of Europe 

will become increasing oceanic (Crawford 2000). 
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1.2. Vegetation zonation in the Scottish mountains 

 

It has long been recognised that the vegetation of the Scottish Highlands can 

be described according to altitudinal zonation (Smith 1900, Smith 1911, 

Matthews 1937, Watt & Jones 1948, Poore & McVean 1957, McVean & 

Ratcliffe 1962, Burnet 1964, Ratcliffe & Thompson 1988, Pearsall 1989, 

Brown et al. 1993). For example zones have been classified either side of the 

potential Scottish tree-line with the montane zone above and the submontane 

zone below (Brown et al. 1993). The montane zone is also referred to as the 

“alpine” or “arctic-alpine” zone by a number of authors (Thompson & Brown 

1992, Thompson et al. 1995, Nagy 1997, Gordon et al. 1998, Gordon et al. 

2002 etc.). Horsfield and Thompson (1996) simplify this by recommending 

that, in Scotland, the area below the potential tree-line be referred to as sub 

alpine and forest zone habitats (these are the equivalents of the European 

Sub Alpine and Forest zones) and above the tree-line as alpine habitats 

(equivalent to the European Low and Middle Alpine zones), see Figure 1.2. 

 

The most obvious vegetation zone boundary in mountain areas, which even 

the lay person can recognise easily, is the tree-line. However, the ecological 

definition of what constitutes a tree-line is rather more complex (see Körner 

(1998) for a more detailed discussion of this point). In the context used here, 

the tree-line can be defined as the upper altitudinal boundary at which a 

forest or patches of forest grows, or in most of Scotland, would grow if it still 

existed. At the upper edge of this boundary most species of tree show 

stunted deformed growth, often referred to using the German term 

krummholz (Grace 1989). 
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In Scotland, Grace (1997) estimates that the potential tree-line is at its 

highest at ca. 620 m a.s.l. at Creag Fhiaclach (NH895055) in the Cairngorms, 

although other authors suggest it maybe higher (Pears 1967, Pears 1968, 

Horsfield & Thompson 1996). It declines to c. 520 m a.s.l. in the north west 

Highlands and is considered to be close to sea level in the most exposed 

areas of the northwest coast (Brown et al. 1993). In global terms this is an 

anomalously low tree line and is thought to be mainly due to the harsh wind 

climate experienced in the Scottish uplands (Grace 1989, 1990, 1997, Grace 

& Norton 1990, Körner 1998). 

 

 
Figure 1.2. Diagram indicating the altitudinal ranges of Scottish vegetation zones, these are 
lower in the north-west and far north where exposure is higher (on the left), and at higher 
altitudes in the east (on the right). Continental European terms are given on the left and 
Horsfield and Thompson’s (1996) recommended terms for Scotland on the right. 
 

Above the potential tree-line in Scotland, vegetation is dominated by dwarf 

shrubs which become increasingly prostrate due to wind clipping. At c. 800 m 

a.s.l. there is a transition from wind clipped Calluna heath to montane heath, 

and towards the summits Racomitrium heath can become dominant (referred 

to as the Upper Arctic-Alpine Zone by Poore & McVean 1957). On north, 
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northeast or southeast facing slopes late laying snow beds can be found as 

low as 800 m a.s.l. (Watson et al. 1994). Within these there are broad 

vegetation types, some of which can be considered to be at risk from climatic 

change, in particular snow bed vegetation.  

 

Most authors (Poore & McVean 1957, McVean & Ratcliffe 1962, Burnet 

1964, Pearsall 1989, Thompson & Brown 1992, Brown et al. 1993, 

Thompson et al. 1995, Nagy 1997, Gordon et al. 1998, Gordon et al. 2002 

etc.) note that these vegetation zones occur at lower altitudes in Scotland 

than their continental European equivalents. This is probably due to the 

oceanic nature of the Scottish climate, which is at the extreme end of several 

European environmental gradients (Nagy 1997). The Grampian mountains, 

which are the most continental area of the Scottish Highlands, are “highly 

oceanic on the European scale” (Nagy 1997; see also Figure 1.1). The 

Scottish winters are milder and wetter, the summers are cooler and wetter, 

and the wind climate is also far harsher than in most of continental Europe. 

The only mountain area of northern Europe which experiences a similarly 

oceanic climate to Scotland is the south west coast of Norway. Therefore, the 

nearest equivalent European vegetation zones to those in Scotland can be 

found in Norway. The Scottish submontane zone is the equivalent of the 

Norwegian subalpine forest zone, and the montane zone above the potential 

Scottish tree-line is the equivalent of the Norwegian lower and middle alpine 

zones (Brown et al. 1993).  

 

1.3. Description of climate in the Scottish Highlands 

 

Scotland has a maritime or oceanic climate and is therefore described as 

having high oceanicity or low continentality. As stated above continentality is 

a measure of how the climate of an area is affected by its remoteness from 

the oceans and oceanic air (Conrad 1964). By comparison oceanicity is the 

effect of maritime influences on a climate (Allaby 1994). Oceanic climates are 

characterised by having a low annual temperature range, whereas 

continental climates have a wide annual temperature range. This can have 
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important ecological effects, as plants are highly sensitive to the effects of 

this oceanicity, such as changes in temperature and rainfall gradients, the 

length and variability of the growing season (Crawford 2000). 

 

Added to this are the climatic effects due to altitudinal gradients, which in 

Scotland are particularly steep and can have significant effects even at 

modest altitudes (Harrison & Kirkpatrick 2001). Scotland has a very high 

lapse rate (the rate at which temperature drops as altitude is gained) which is 

strongly influenced by oceanic effects (Pepin 2001) so that lapse rates 

change at a different rate to those in more continental areas. In Scotland 

lapse-rates are typically 10.0-10.5˚C km-1, whereas in continental areas 

lapse-rates are typically 6.0˚C km-1 (Harding 1978, Harrison 1994, Harrison 

1997). Also, the relationship between the levels of summer warmth (often 

expressed in degree days) and altitude is not linear (Parry 1976), and even 

small changes in temperature can have a larger effect in the uplands than in 

the lowlands. These are issues which should be borne in mind when 

considering the potential effects of climatic change in Scotland. 

 

1.4. Climate change 

 

1.4.1. Global climate change 

 

There is increasing evidence that the global climate is changing, with a global 

temperature rise of about 0.6°C at the Earth surface over the last 100 years 

(Houghton et al. 1996, IPCC 2000, IPCC 2001, Jones et al. 2001). Much of 

this change has been attributed to increasing concentrations of greenhouse 

gases, such as carbon dioxide (CO2), produced by human activities. A 

number of models have been developed to predict possible climate change 

scenarios according to relative levels of greenhouse gas emissions (Collins 

et al. 2001, Durman et al. 2001, Hulme & Jenkins 1998, Hulme et al. 2002, 

Mitchell et al. 1999, Jones & Reid 2001, Wood et al. 1999). See Figure 1.3. 
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These models predict a possible mean rise in global temperatures of 

between 1.5°C and 5.8°C over the next century (IPCC 2001). 

 

 
Figure 1.3. Reconstructed and recorded past temperatures, and modelled future temperature 
for the Northern Hemisphere shown as anomalies from a 1961 – 1990 temperature average. 
The reconstructed temperatures have been estimated from “proxy” climate indicators such 
as tree: rings, corals, ice cores, lake and ocean sediments, borehole measurements, 
historical documents and glacier moraines etc. (IPPC 2001) (figure taken from Hulme et al. 
2002). 
 

1.4.2. Predicted climate change scenarios for Scotland 

 

The most recent predictions suggest that the average annual temperature in 

the Scottish Highlands may increase by between 1°C and 2°C by 2050 

(Harrison et al. 2001, Hulme & Jenkins 1998, Hulme et al. 2002). Using a 

number of climate models developed by the Hadley Centre for Climate 

Prediction and Research (Hulme et al. 2002), the UK Climate Impacts 

Programme (UKCIP) has developed possible future climatic scenarios for the 

UK (UKCIP02). These are based on the estimated impacts of global 

        Showing departure in temperature from 1961 – 90 average (deg C) ranging  
            from -1 to 7 on Y axis and years from 1000 to 2100 (AD) on X axis.  
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emissions scenarios resulting from alternative paths of world development 

(Hulme et al. 2002). One major uncertainty in the climate models is the fate 

of the “thermohaline circulation” (THC), i.e. the Gulf Stream, which some 

models predict may weaken or shut down entirely in the near future. Should 

this occur, northwest Europe could experience cooling by up to 5°C within 

the space of a few decades (Hulme et al. 2002). 

 

The UKCIP scenario predictions have a 50 km grid resolution, but there are 

still large uncertainties associated with these predictions. UKCIP02 does give 

an assessment of confidence in its predictions, however it should be noted 

that these confidence levels are qualitative and not quantitative (Hulme et al. 

2002). In the following pages, the high emissions scenario for the 2050s was 

used where available, this is also similar to the medium emission scenario for 

the 2080s. 

 

Temperature 

 

As shown in Figure 1.4, the predicted increases in average daily 

temperatures in Scotland over the next 50 years are by up to +1.63°C in 

winter and + 2.31°C in summer using the UKCIP high emissions scenario. 

The high emissions scenario is based on there being an increase in 

concentration of CO2 to double that of levels of pre-industrial levels by 2045.  

Unpredictable or uncertain changes, such as volcanoes or solar changes in 

radiation, were not considered. The UKCIP give these predictions a high 

relative level of confidence. 
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Figure 1.4. Predicted changes in daily mean temperatures (˚C) for Scotland over the next 50 
years, showing an increase of up to 2.3°C by the 2050s (source: UKCIP). 
 

Precipitation 

 

Seasonal predictions for relative changes in precipitation in Scotland are 

shown in Figure 1.5. These show a predicted decrease in summer rainfall of 

up to 24% in the high emission scenario by the 2050s. Winter precipitation is 

predicted to increase by up to 22% by 2050, with possibly the largest 

increase in the east. UKCIP’s relative confidence level for the wetter winters 

is given as “high”, but the relative confidence level for the drier summers is 

given as “medium”. This is one of the changes from the UKCIP98 which was 

predicting wetter summers. 

 

Winter snowfall (Figure 1.6) is predicted to decrease in Scotland by the 

2050s by up to 65%, with the largest decrease in the east. The UKCIP gives 

a relatively high confidence level for “significant” declines in snowfall 

everywhere in the UK. 
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Figure 1.5. Predicted percentage changes in precipitation for Scotland over the next 50 
years, showing a decline of up to 24% in summer and an increase of up to 22% in winter in 
the high emission scenario. (source UKCIP). 
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Figure 1.6. Predicted percentage changes in average winter snowfall for Scotland in the 
2050s showing a reduction of up to 65% using the UKCIP high emissions scenario. (source: 
UKCIP). 
 

Wind speed 

 

The predicted changes in daily mean wind speed for Scotland by the 2080s 

are very small, between ± 3% for the annual average with slight increases in 

spring and slight decreases in summer and autumn, while winter remains 

within the “natural” variability (UKCIP02). The authors emphasize that, due to 

inconsistency between different models as well as the physical 

representation within the core model (HadRM3), they are unable to attach 

any level of confidence to the predictions of wind speed (Hulme et al. 2002). 

 

Diurnal temperature range 

 

Diurnal temperature range, the difference in temperature between day and 

night, is predicted to increase in Scotland by up to 1°C in summer by the 

2080s, with a slight decrease in winter and smaller increases in other 

seasons. UKCIP02 give a low level of confidence for this prediction. 
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1.5. Approach, hypotheses and thesis plan 

 

Given the lack of suitable historical botanical surveys which could be used to 

investigate the potential changes in Scottish mountain vegetation due to 

global climate change over the past century, there is a need to find a different 

approach. A two pronged approach was taken: 

 

Firstly, it was necessary to collect information on the potential for seed to 

move from lower vegetation zones to higher levels under predicted climate 

change. Secondly, it was necessary to determine if an increase in mean 

temperature, as predicted by the climatic models, would affect the strength of 

interactions between plants, i.e. any change in the level of competition. 

 

1.5.1. Hypotheses 

 

To investigate the dispersal limitations of mountain plant species, the 

following questions need to be addressed: 

 

• Is there sufficient upward seed movement to enable an upward 

migration of plants? 

• Is there seed in the seedbank which could germinate and colonise 

higher vegetation zones? 

• Has the nature of the seedbank changed over recent decades? 

 

To investigate the competitive interactions between plants at higher 

temperatures, the following questions were posed: 

 

• Would an increase in temperature change the balance from facilitation 

to competition at high altitudes? 

• Is temperature a more important ecological factor than wind in the 

Scottish alpine zone? 
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1.5.2. Brief outline of experimental approach – layout structure 

 

In order to address the questions posed above with regard to the effects of 

potential climatic change on mountain vegetation in Scotland, the following 

two studies were undertaken. 

 

Chapter 2: Potential for plants to move in a changing climate – A study of 

mountain vegetation and seed dispersal. 

 

To investigate the dispersal limitations of mountain plant species, soil cores 

were taken at 50 m altitudinal intervals along four transects in the Grampian 

mountains of Scotland, to measure the seed bank present. Current seed rain 

was recorded at the same sites, using pitfall seed traps, over a two year 

period. A vegetation survey was also carried out at all trapping stations, to 

determine the current surface vegetation present. Current seed rain, surface 

vegetation and the seed bank were compared to seek evidence for a 

potential shift in vegetation.  

 

Chapter 3: Effects of environmental manipulation of local climate on plant 

interaction. 

 

To test whether an amelioration of harsh environmental conditions, 

simulating the effects of predicted climate change, would alter the balance 

between competition and facilitation in arctic/alpine plant communities, an 

experiment was set up using passive warming devices. Open Top Chambers 

(OTCs), simple wind shelters and control treatments were set up on Glas 

Tulaichean in the Glenshee area at 1000 m a.s.l., using Carex bigelowii and 

Alchemilla alpina as target plants. These two species where chosen as they 

both occur at the field site, are easy to use, and are predicted to be 

vulnerable to global climate change (Berry et al. 2002, Berry pers com.). The 

target plants were transplanted into replicate environmental treatments, and, 

within each environmental treatment, they were planted with as well as 
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without neighbours. Measurements were taken of final above ground 

biomass of the target plants, as well as environmental variables (soil and air 

temperature, wind speed and direction, soil moisture and PAR), to determine 

if the warming provided by environmental treatments would be sufficient to 

increase levels of competition experienced by the target species, and 

whether temperature was a more important ecological factor than wind. 

 

Chapter 4: Discussion 

 

The thesis integrates the results of these two pieces of work with the relevant 

literature and in Chapter 4 discusses potential changes in community 

structure due to migration and changes in competition. The potential effects 

of the predicted changes in environmental factors on mountain plants and 

vegetation zones are also discussed, and compared with the findings of the 

two experimental studies. Possible improvements to work carried out and 

recommendations for further research are suggested. 
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Chapter 2: Potential for plants to move in a changing 

climate – A study of mountain vegetation and seed 

dispersal. 

 

Abstract: 

 

There is increasing evidence that plants in mountain areas are now being 

found at higher altitudes than previously. The mechanisms for this are not 

well understood, so there is a need for more information on the potential for 

seed to move from lower vegetation zones to higher levels under predicted 

climate change. In order to investigate the dispersal potential of mountain 

species, a study was designed to measure seed rain at a number of points 

along several altitudinal transects in the Grampian Mountains in Scotland, 

and soil cores were taken to measure the seed bank present. A survey of 

current vegetation was also carried out at the sites along the altitudinal 

transects. This showed that as altitude increased, Calluna cover decreased 

and the diversity of other vascular plants increased. The results from the 

seed trapping do not show sufficient upward seed movement, neither for 

Calluna nor other vascular plants, to support upward migration of lower 

vegetation zones. The study shows that there is a small Calluna seedbank 

above the vegetation zone where Calluna is currently growing. However, it is 

questionable whether the seedbank would enable Calluna to colonise higher 

altitudes because of high seedling mortality. The size of the Calluna 

seedbanks reported from the 1970’s and 1980’s is similar to that found by 

this study. 

 

2.1. Introduction 

 

There is increasing evidence that plants in mountain areas are now being 

found at higher altitudes than previously. Several studies in Europe have 

already shown upward migration of plant species, which has been attributed 
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to climate change (Grabherr et al. 1994, Grabherr et al. 1995, Klanderud & 

Birks 2003). 

 

Current predictions for future movement of vegetation zones and potential 

species extinctions (due to arctic/alpine species being forced off the tops of 

mountains) are based on climate envelope/space approaches (Harrison et al. 

2001, Berry et al. 2002, Woodward & Beerling 1997). A climate envelope 

may be described as the potential suitable area for a species to grow, based 

on climatic factors and the current species distributions. This assumes that 

plant species are occupying all suitable areas, that there is no long distance 

dispersal (Cain et al. 2000), and that species interactions will not change with 

climatic change (Davis et al. 1998a). These modelling assumptions have 

often not been evaluated by field studies or observations of current 

distributions and seed dispersal rates (Bullock & Clarke 2000). Because the 

modelling often relies on sparse data, the results should be interpreted with 

caution (Davis et al. 1998a,b). There is therefore a need to for better 

understanding of current dispersal rates of mountain plants and how this may 

affect plant distributions with predicted climatic change (Ellis 2004). 

 

2.1.1. Seed dispersal 

 

There are several ways in which seeds can be dispersed. Askew et al. (1997) 

describe many plants, based on their seed morphology, as either ‘wind 

dispersed’ or ‘not wind dispersed’. In alpine and arctic plants the main 

pathway is through dispersal by wind (anemochory). Although dispersal by 

animals (zoochory) is possible, there is very little literature on zoochory for 

alpine or arctic plants. Seeds may also be unintentionally dispersed by 

humans through soil carried on vehicles, movement of topsoil and even the 

boots of walker, however these mechanisms are unlikely to be common in 

the uplands (Hodgkinson and Thompson 1997). 

 

There has been a tendency to describe dispersal characteristics of plants 

based largely on the presence or absence of obvious morphological 
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adaptations. However when Askew et al. (1997) developed an electronic 

measuring system to test this, they found that morphology does not reflect 

the seeds’ true potential for wind dispersal. Berg (1983) and Berg (1988, both 

cit. in Tollefsrud et al. 1998) also showed that the lack of specialised 

adaptations of the seeds for long distance dispersal need not prevent long 

distance dispersal by wind.  

 

While most seed set by alpine and montane plants is deposited close to the 

parent, within 1 m radius or less (Cain et al. 2000, Spence 1990, Ingersoll & 

Wilson 1993, Zabinski et al. 2000), some seeds can disperse 200–300 m 

(Cain et al. 2000, Molau & Larsson 2000, Pakeman 2001). Bullock & Clarke 

(2000) physically measured wind dispersal at a distance of up to 80 m in 

Dorset with mean cumulative wind speeds not exceeding 400 hour m s-1 

(their figures). Scotland experiences higher mean cumulative wind speeds 

than this, which suggests that dispersal distances for similarly sized seeds 

could be greater in Scotland. 

 

However there is increasing molecular evidence for dispersal over greater 

distances (up to 300 km, Tollefsrud et al. 1998). Tollefsrud et al. (1998) used 

genetic markers and suggested that Saxifraga cespitosa (L.) has been able 

to disperse over distances of 200 km through seed being blown over snow. 

While genetic studies are useful, they should be treated with caution: Cain et 

al. (2000) pointed out that there is a need to separate gene flow by seed from 

gene flow by pollen. 

 

Altitudinal limits on seed dispersal can be determined by temperature related 

effects on seed production (Molau & Larsson 2000, Cummins & Miller 2002) 

and the distance over which seed can disperse. Seed production at the 

altitudinal limits of a species may also be affected by earlier flowering 

phenology, increasing the seed crop, which may lead to increased species 

diversity and intraspecific genetic diversity of the seed bank (Thórhallsdóttir 

1998). 
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Calluna is currently dominant in the Sub Alpine zone in Scotland (see Section 

1.2), and may be one of the species expected to extend its altitudinal range 

to higher levels with increasing temperatures. In eastern Scotland the current 

altitudinal range of Calluna is 150-960 m a.s.l., with plant cover declining 

above 600 m (Cummins & Miller 2002). It is known that both altitude and 

oceanicity have an effect on the setting of Calluna seed, the main 

environmental controls on seed set being mean maximum temperature and 

total rainfall during August and September (Miller & Cummins 2001). 

 

Seed set in Calluna has shown not to be under genetic control (Miller and 

Cummins 2001), but is dependent mainly on late summer warmth. Altitude is 

seen to have an effect, in that below 600 m copious viable seed was always 

set, whereas above 600 m seed-setting could be sparse or in some years fail 

altogether (Miller & Cummins 1987, 2001). In a study of colonisation of 

bulldozed tracks in the Cairngorm Mountains, it was found that, while Calluna 

was an important coloniser below 750 m, above this level its success as a 

coloniser is markedly reduced (Bayfield et al. 1984). 

 

Seed set is affected by cool and wet summer weather (Molau & Larsson 

2000, Miller & Cummins 2001), which reduces the activity of insect pollinators 

(Gimingham 1960, Miller & Cummins 1987, Mahy et al. 1998), as does high 

wind speed, which is frequent at higher altitudes (McClatchey 1996). Low 

temperatures during the flowering period may also hinder the development of 

the ovule and maturation of seed (Miller & Cummins 2001). Molau and 

Larsson (2000) found that in Swedish Lapland the cool wet summer of 1995 

substantially reduced seed set in all functional groups, particularly in 

graminoids and herbs. Low temperatures also affect germination rate in 

Calluna, as the seeds do not germinate at temperatures below 10˚ C 

(Cummins & Miller 2002). 
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2.1.2. Seed banks 

 

With increasing altitude seed set becomes more prone to failure, but the cold 

and wet conditions in the soils lead to increasing seed longevity (Miller & 

Cummins 1987, Miller & Cummins 2001, Thórhallsdóttir 1998, Cummins & 

Miller 2002, Baskin & Baskin 1998, Thompson 2000, Pakeman et al. 1999, 

Leishman et al. 2000). Where the level of seed rain exceeds the level of 

germination and seed predation, a seed bank can build up in the soil and can 

form an “ecological memory” over a century or more (Thompson 2000), 

which can make them a valuable resource for monitoring ecological change. 

Seeds in seed banks can persist over long time intervals, in some cases up 

to 200 years (e.g. Molau & Larsson 2000, Miller & Cummins 1987, Cumming 

& Legg 1995). Estimates for the longevity of Calluna in seed banks range 

from 150 years at 500 m a.s.l. in southern Scotland (Cumming & Legg 1995) 

to over 200 years above 800 m a.s.l. in the Scottish Highlands (Miller & 

Cummins 2001, Cummins & Miller 2002). 

 

Not all species present in an area may be represented in the seed bank 

(Zabinski et al. 2000) and seed banks can also have a different composition 

to surrounding vegetation (Ingersoll & Wilson 1993, Arroyo et al. 1999). Most 

seeds remain ungerminated due to the lack of light cues which trigger 

germination (Vleeshouwers et al. 1995, Thompson 2000). The seeds of many 

alpine and arctic plants undergo a period of dormancy and need chilling 

before germination will occur (Cummins & Miller 2000). This dormancy and 

persistence in seed banks enables populations of plants to continue to exist 

in areas where seed set can not be relied on in all years (Thompson 2000, 

Ingersoll & Wilson 1993). This could therefore be a means for plants from 

lower altitudes to migrate to higher altitudes where they do not currently 

occur. 

 

Although little is known about the effects of climate change on seed banks, 

some current studies suggest that climate change will have little effect on the 

persistence of seed banks (Akinola et al. 1998a,b, Leishman et al. 2000). 
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Evidence from experimental warming and cooling of soil seed banks in 

meadow communities showed no effects (Akinola et al. 1998a,b). Pakeman 

et al. (1999) have shown that in warmer drier areas of Britain Calluna has 

lower seed bank densities, however they were unable to separate the effect 

of climate on seed production from the effect of seed mortality. 

 

2.1.3. Seed trapping 

 

The main problem in determining how far seed can travel from the parent 

plant is that it is virtually impossible to capture all seeds dispersed from the 

parent plant. Techniques for investigating plant dispersal include trapping 

seeds as they are dispersed (e.g. Green & Calogeropoulos 2002, Kollmann & 

Goetze 1998, Bullock et al. 2002, Page et al. 2002) or through the use of 

genetic markers (e.g. Tollefsrud et al. 1998).  

 

There is a number of techniques which may be used to trap seeds (Kollmann 

& Goetze 1998, Page et al. 2002). The main types which are appropriate for 

upland habitats are: 

• pitfall trap, where a pot is sunk into the ground with a gauze or fleece 

bottom to collect the seeds (Bullock & Clarke 2000). Pitfall traps are 

the cheapest of the trap types listed here, robust, simple to construct 

and use, low maintenance, however they are open to small mammals 

which may be seed predators. 

• funnel trap (a variation of the pitfall trap), where a funnel is placed into 

the ground with a collection bag at the bottom (Kollmann & Goetze 

1998, Page et al. 2002). Funnel traps are easy to construct and use, 

and are less open to predation from small mammals. Although they 

normally have a good capture rate, this can be adversely affected by 

the wind dynamics. They are also more expensive than pitfall traps. 

• sticky trap, where a board or dish is painted with a non-drying glue 

(Marchand & Roach 1980, Kollmann & Goetze 1998, Page et al. 

2002). Sticky traps have a very high capture rate and prevent 

predation of seeds by insects, but they also capture dust and insects. 
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They are high maintenance, and trapping effectiveness may be lost 

due to rain. 

• doormat trap, where a section of Astro TurfTM is fastened to the 

ground (Molau 1996, Molau & Larsson 2000). Doormat traps are low 

maintenance and easy to construct, however it is time consuming to 

collect the seeds, and they are heavy to carry long distances and 

relatively expensive. 

• snow bed trap, where the surface of the snow is skimmed off with a 

spade from late lying snow beds and seeds are subsequently washed 

out and collected (Larsson and Molau 2001, Page et al. 2002). There 

is no setup or maintenance cost, and capture rates are better than 

with artificial techniques. However, reliable snow beds are needed. 

 

Scottish studies of seed dynamics in the uplands have mostly concentrated 

on Calluna (Barclay-Estrup & Gimingham 1975, Barclay-Estrup & Gimingham 

1994, Cumming & Legg 1995, Gimingham 1996, Miller & Cummins 1987, 

Miller & Cummins 2001, Miller & Cummins 2003, Welsh et al. 1990, etc) and 

few have been above 700m (Bayfield et al. 1984, Cummins & Miller 2002, 

Miller & Cummins 2003). These have shown that, while Calluna produces 

seeds prolifically and has a long lived seed bank, most seed does not travel 

more than 1 m from the parent plant. None of the Scottish studies listed 

above have investigated the potential for movement of vegetation zones due 

to climate change, but rather looked at recovery after disturbance. They do 

however provide a record of seedbanks from work mainly carried out during 

the 1970s and 1980s. 

 

2.1.4. Aims 

 

There is a need for more information on the potential for seed to move from 

lower vegetation zones to higher levels under predicted climate change. In 

order to investigate the dispersal limitations of mountain species, seed rain 

will be measured at a number of points along an altitudinal transect and soil 
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cores taken to measure the seed bank present, to address the following 

questions: 

 

• Is there sufficient upward seed movement to enable an upward 

migration of plants? 

• Is there seed in the seedbank which could germinate and colonise 

higher vegetation zones? 

• Has the nature of the seedbank changed over recent decades? 

 

2.2. Methods 

 

2.2.1. Study sites 

 

This work was carried out at four sites in the Grampian Mountains of the 

Scottish Highlands: Glas Tulaichean, Glas Maol, Beinn a’ Bhuird, and Derry 

Cairngorm (for maps see Figures 2.1a-c, for grid references see Table 2.1). 

These sites were chosen as they had an appropriate altitudinal range and 

also have existing paths for access. Access to all sites was agreed with the 

landowners and, as all sites are designated SSSIs, with Scottish Natural 

Heritage. The underlying geology of Glas Tulaichean is Caenlochan Schist 

(BGS 1989a), which is acidic in nature, Beinn a' Bhuird is Biotite granite 

(BGS 1989a) also acidic, Derry Cairngorm is granite of varying acidity (BGS 

1989b), and Glas Maol is more complex, changing from schist to quartzite 

and back to schist with increasing altitude (BGS 1989a). At two of the sites, 

Beinn a’ Bhuird, and Derry Cairngorm, there is no sheep grazing, at the other 

two sites, Glas Tulaichean and Glas Maol, where there is some grazing by 

free ranging sheep. Free ranging deer and mountain hares are present at all 

sites. 
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Figure 2.1a. Locations of seed trapping stations on Mar Lodge estate: Derry Cairngorm (left) 
and Beinn a’ Bhuird (right). Stations are numbered according to their altitude in meters 
above sea level. © Ordnance Survey (with permission). 1:50,000. 
 

 
Figure 2.1b. Locations of seed trapping 
stations on Glas Tulaichean. Stations are 
numbered according to their altitude in 
meters above sea level. © Ordnance Survey 
(with permission). 1:50,000. 

 
Figure 2.1c. Locations of seed trapping 
stations on Glas Maol. Stations are 
numbered according to their altitude in 
meters above sea level. © Ordnance Survey 
(with permission). 1:50,000. 
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Table 2.1. Locations of the seed trapping stations at the four sites (OS grid references in 
Landranger format). 

Altitude above 
sea level 

Glas Tulaichean Glas Maol Beinn a’ Bhuird Derry Cairngorm 

1,000 m NO048758 NO160769 NO081987 NO021974 

950 m NO047755 NO159769 NO077981 NO020969 

900 m NO047752 NO155772 NO077976 NO023965 

850 m NO049744 NO152772 NO076974 NO023960 

800 m NO050738 NO150773 NO075973 NO027951 

750 m NO053734 NO148773 NO075969 NO030949 

700 m NO055733 NO142775 NO078964 NO032946 

 

2.2.2. Layout of study 

 

At each station, seed traps were set up to collect seed rain (Section 2.2.4), a 

vegetation survey was carried out (Section 2.2.3), and soil cores were 

collected to investigate the existing seed bank (Section 2.2.6). At each site, 

seed trapping stations were established at 50 m height intervals along an 

altitudinal gradient between 700 m and 1000 m a.s.l. These were first 

selected by contour height on an OS map (Landranger Sheet 43, 1:50,000) 

and for ease of access and location most were sited within 20 m of a path. 

The grid references of the trapping stations are given in Table 2.1. The 

latitude, longitude and altitude of the stations were recorded with a GPS 

receiver (eTrex® Summit, Garmin International Inc) to an accuracy of ± 5m. 

The altitudinal range was chosen to cover the transition from Calluna 

dominated moorland of the sub alpine habitats to the Scottish arctic/alpine 

habitats (Figure 1.1).  
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Figure 2.2. A graphical representation of vegetation types and habitats in the Scottish 
Highlands. 
 

At the Beinn a’ Bhuird site no seed was recorded at the 700 m seed trapping 

station, as it was not possible to relocate the seed traps after the initial visit. 

The landowner, National Trust for Scotland, had insisted on only short posts 

being used to mark sites, and at this trapping station the Calluna was much 

taller than the post. Consequently no seed data are available, and the 

vegetation survey represents the only estimate of the species there. A list of 

species was recorded in the area of the GPS coordinates, i.e. somewhere 

within 10 m of the trapping station. 

 

2.2.3. Vegetation surveys 

 

Seeds produced by most alpine and arctic plants are only dispersed over 

short distances from the plant, in most cases less than 1 m (Marchand & 

Roach 1980, McGraw 1980, Spence 1990, Legg et al. 1992, Ingersoll & 

Wilson 1993, Cain et al. 2000, Molau & Larsson 2000, Zabinski et al. 2000). 

So a survey of the vegetation surrounding each seed trapping station was 

carried out to determine which plants were present close to the seed traps.  

 

A 4 m by 4 m quadrat around the seed trapping station was surveyed (see 

Figure 2.3). A record of all vascular plants present and an estimate by eye of 

the percentage cover of each species were made. Subdividing the quadrat 
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into quarters aided the estimates of percentage cover. This was be done by 

placing a post with four 2.83 m lines attached next to the permanent central 

post (placed to aid relocation of the trapping station). The lines were run out 

at the four points of the compass and pegged down with a wire hoop, and a 

tape measures was then run round to form the outer perimeter of the 

quadrat. Using a tape measure also has the advantage that quick and easy 

checks can be made to ensure that the area of the quadrat remains 

consistent. 

 

The vegetation survey at all sites was carried out between 23rd June and 6th 

August 2003, the plant nomenclature follows Stace (1997). This dataset was 

then used together with the seed rain and seedbank datasets, to determine if 

the seed was likely to be from local sources. 

 
Figure 2.3. Layout of 4 x 4 m quadrat used for the vegetation survey of the seed trapping 
stations. This technique uses a post with four 2.83 m lengths of string attached, each with a 
wire hooped peg at the end. This post is then placed the centre of the quadrat, the strings 
are pegged out at the four points of the compass and a tape measure run round to form the 
out perimeter of the quadrat. This provides a quick and easy way of establishing a 
consistently sized quadrat, also the quartering of the quadrat aids estimates of percentage 
cover made by eye. 
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2.2.4. Seed trapping  

 

Seed traps were laid out to investigate how much seed was arriving at these 

sites and which, if any, species of plant would be able to move to these sites 

and grow if the conditions were suitable. This study used pitfall type seed 

traps set out at the corners of 2 x 2 m squares (Figure 2.3). The middle of the 

squares was marked with short wooden post as a visible marker to aid 

relocation. The seed traps were similar to those used by Bullock & Clarke 

(2000), and consist of plastic plant pots with a diameter of 10 cm, with the 

bottoms removed and replaced with 25g/m2 frost fleece. These pots were 

then sunk into the ground with the aid of a soil auger and held in place with 

two pegs on either side (see Figure 2.4). The advantage of these seed traps 

is that they are cheap, light to carry yet robust and less visually intrusive than 

other methods, e.g. the ITEX door mat technique (see Section 2.1.3). 

 

The seed traps were laid out between November and December 2002. The 

content of the seed traps was collected on a monthly basis between April and 

November 2003, and May and August 2004 (the start of collection was 

delayed in 2004 by late snow). At these collections the fleece at the bottom of 

each trap was removed and placed into an individually labelled zip lock bag, 

which was then sealed for transport and storage. A new square of fleece was 

then attached to the trap and the trap replaced. Samples of any beetles 

found in the traps were also taken back to the Macaulay Institute for 

identification. It was established that none were seed eaters. 
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Figure 2.4. Pitfall seed trap sunk into the ground and held in place with two pegs, one on 
either side. 
 

2.2.5. Seed identification 

 

The fleeces collected from the seed traps were brought back to the Macaulay 

Institute, where necessary dried in the drying room at 30°C, and then 

examined under a low powered microscope. Any seeds found were removed 

and compared with the Macaulay seed collection for identification. All seeds 

where then stored in labelled Petri dishes. These were then taken to the 

Royal Botanic Gardens Edinburgh (RGBE) for identification of seeds which 

were not available in the Macaulay collection. Seed which had been 

previously identified was also checked. At RGBE the seeds where keyed out 

using Swarbrick (1969) and compared with herbarium specimens from the 

Scottish collection. 

 

2.2.6. Seed bank 

 

When the seed traps were put in place, soil cores were collected using a 10 

cm diameter soil auger, coring to the depth of the seed traps (Pakeman et al. 

1999), where the soil depth permitted. At a few points rocks prevented this. 
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Each core was cut to a depth of 5 cm and placed into a separate zip lock bag 

which was sealed for transport and storage. The cores were taken back to 

the Macaulay Institute for use in the seed bank study. 

 

The cores were stored in the dark at 4°C for a minimum of six weeks and 

then dried at 30°C for four days, to break dormancy of the seeds (R. 

Cummins pers. comm.). The cores were then broken up and the soil spread 

out evenly, to a depth of not more than 1 cm, in individual 21 x 15 cm plastic 

seed trays lined with capillary matting. The seed trays were then moved into 

a controlled environment growth room, where they were exposed to a 12 

hour photo period and a diurnal temperature cycle of 16 / 10°C (12 hours at 

each temperature) (Cummins pers. comm., Baskin & Baskin 1998). The light 

intensity in the growth room was set to 460-500 µmol m-2 s-1 P.A.R. at the 

level of the seed trays. To allow for environmental variations in the growth 

room, the trays were laid out in four blocks (see Figure 2.5.) and the position 

of the trays within the blocks randomised. After six months the position of the 

trays within each block was changed to a new randomly selected position. 

 

The trays were checked on a daily basis and watered as needed to ensure 

that they were not drying out. Observations of seedling emergence were 

made at intervals of no less than one week. Emerging seedlings were 

allowed to grow on until they could be reliably identified. They were then 

recorded and removed. Some seedlings such as Calluna could easily be 

identified by their red stem and leaf shape, and were removed straight away 

(see Figures 2.6 and 2.7). Some seedlings, such as the Carex sp. seedling 

shown in Figure 2.8, could not be so easily identified and needed to be re-

potted, tagged and moved to a greenhouse, where they were allowed to grow 

on until reliable identification could be made. 
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Figure 2.5. Trays containing the soil cores collected for the seedbank trial, laid out in four 
blocks in the growth room. The positions of the trays within each block were assigned at 
random. 
 

 
Figure 2.6. Calluna seedlings after being removed from a seed tray for counting, the red 
stem and leaf shape are easily recognised characteristics. 
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Figure 2.7. Seed tray containing a soil core from Beinn a’ Bhuird, showing Calluna seedlings 
which were removed, counted and recorded. 
 

 
Figure 2.8. Carex seedling in seed tray which needs to be re-potted and moved to 
greenhouse in order for it to grow large enough to be reliably identified. 
 

2.2.7. Statistical Analysis and Data Handling 

 

The diversity of vascular plants at each station was described using a 

Simpson’s diversity index (1-D) and a Simpson’s measure of evenness 

(E1-D). Smith and Wilson (1996) define evenness as equal abundance of 

species in a community, i.e. a community where each species present is 
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equally abundant has high evenness, a community with large differences in 

species abundance has low evenness. As the sample size was small, 

Simpson’s index is appropriate as it a robust and meaningful measure of 

diversity (Magurran 2004). In order to determine if the changes in diversity 

and evenness were significant, a two way analysis of variance (ANOVA) was 

used. 

 

Statistical analysis was then carried out to examine if there was a change in 

the relationship between the percent of plants in the surface vegetation which 

are represented in the seed rain with altitude. An angular transformation 

before regression was used to test if the changes with altitude were 

significant. To check if the interannual variation in Calluna seed rain between 

the two years of the study was significant, the data were log-transformed and 

a paired t-test was used. 

 

Data from the Calluna seedbank and current seed rain was plotted on a log 

scale for ease of visual interpretation. An estimate of the seedbank and 

current seed rain per square metre was made to enable comparisons with 

data from other published studies. 

 

2.3. Results 

2.3.1. Vegetation survey 

 

At the lower end of the transects, between 700 and 850 m in the sub alpine 

zone (see Chapter 1), Calluna was the dominant vascular plant species at all 

four sites (Table 2.2). Above 800 m the vegetation is increasingly wind 

clipped and prostrate. At most sites below 850 m the Calluna was observed 

to be in the building phase, that is the Calluna has a closed canopy and is 

actively growing (Gimingham 1960, 1996). The exception to this was at the 

700 m trapping station on Glas Maol, where the Calluna was observed to be 

in the degenerative phase, i.e. where the canopy is breaking up (Gimingham 

1960, 1996). The highest Calluna cover was found on Beinn a’ Bhuird and 
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Derry Cairngorm, where it reached 950 m. On Glas Maol Calluna was not 

recorded above 850 m. 

 

Table 2.2. Estimated percentage Calluna cover recorded at each seed trapping station. 
Altitude Beinn a’ Bhuird Derry Cairngorm Glas Maol Glas Tulaichean 
700m 100 % 85 % 50 % 100 % 
750m 95 % 60 % 85 % 100 % 
800m 80 % 90 % 50 % 85 % 
850m 45 % 93 % 75 % 83 % 
900m 84 % 5 % 0 57 % 
950m 15 % 10 % 0 0 
1000m 0 0 0 0 
 

Above 850 m there was an increase in species diversity at all sites, where no 

one species of vascular plant was dominant. One Pinus sylvestris seedling 

was recorded at 750 m on Derry Cairngorm, unfortunately it was too small to 

age by non destructive techniques. A full list of all species recorded for the 

vegetation survey is given in Appendix 1. 

 

A measure of the diversity of vascular plant species was calculated using 

Simpson’s diversity index and Simpson’s measure of evenness (E1-D) at each 

trapping station (Magurran 2004). As Simpson’s diversity index tends to 

reflect dominance, the evenness was also calculated to determine whether 

the sample was skewed by the presence of one or more dominant species. 

The results are shown in Table 2.3. Levels of diversity generally increased 

with altitude, while evenness decreased at all sites. Glas Maol showed the 

highest levels of diversity and also the most evenness. 
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Table 2.3a. The diversity and evenness of vascular plant species found at 50m altitudinal 
intervals at all four sites shown using a Simpson’s diversity index (1-D) and Simpson’s 
measure of evenness (E1-D).  
Diversity Beinn a’ Bhuird Derry Cairngorm Glas Maol Glas Tulaichean 
700m 0.125 0.158 0.682 0.086 
750m 0.109 0.34 0.286 0.054 
800m 0.198 0.134 0.561 0.262 
850m 0.586 0.096 0.367 0.282 
900m 0.193 0.66 0.673 0.523 
950m 0.72 0.56 0.817 0.801 
1000m 0.496 0.733 0.872 0.764 
Evenness     
700m 1.994 1.268 0.049 1.928 
750m 1.313 0.979 0.317 4.629 
800m 0.562 1.864 0.223 0.545 
850m 0.213 1.732 0.227 0.443 
900m 0.739 0.189 0.186 0.239 
950m 0.198 0.099 0.094 0.096 
1000m 0.224 0.105 0.088 0.145 
 

Table 2.3b. An analysis of the effects of altitude on diversity and evenness, showing the 
results of the ANOVA are given below. Significant values are given in bold. 
Diversity d.f. s.s. P value 
Altitude 6 1.148 <0.001 
Site 3 0.294 0.035 

Evenness    

Altitude 6 9.53 0.099 
Site 3 3.59 0.221 
 

2.3.2. Seed trapping 

 

All seeds collected in the seed traps were identified to genus and where 

possible to species and the results summarized over both years (Table 2.4). 

As with the seedlings emerging from the seedbank, most of the seeds 

collected in the seed traps at lower levels were Calluna, with the exception of 

Glas Maol, where other species were dominant at some stations. On Beinn a’ 

Bhuird and Derry Cairngorm at higher levels (above 850 m) Juncus trifidus 

was the most commonly recorded seed. Most of the seeds collected were 

from species which were recorded at the same trapping station in the 

vegetation survey. There were some seeds collected from the seed traps 

which were recorded at the site but not a that individual trapping station. 

These are highlighted in green in Table 2.4. Where the seeds are from 

species which were not recorded in the vegetation survey at the site, they are 

highlighted in yellow. 
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Table 2.4. Seeds collected in the seed traps between November/December 2002 and August 2004 at the trapping stations along altitudinal transects 
at the fours different sites. The numbers in brackets show Calluna seed as a percentage of the total of the seeds trapped at this site. Numbers 
highlighted in green are recorded at the site but not the individual trapping station and numbers highlighted in yellow are species not recorded at that 
site. 
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Juncus squarrosus 

Juncus trifidus 
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Beinn a’ Bhuird                    
700 m*                    
750 m  239 (100)                  
800 m  34 (97.1)      1            
850 m  7 (31.8)            1  14    
900 m                25    
950 m                31    
1000 m                46    
Derry Cairngorm                    
700 m  204 (100)                  
750 m  88 (100)                  
800 m  85 (78)  24                
850 m  109 (96.5)  4                
900 m         1       3    
950 m    4   4         7  2 4 
1000 m                38    
 
 
 
 
 
 
 
 

         

* N.B. The seed trapping station was missing (see Section 2.2.2).            
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Altitude and site 
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E
rica tetralix 

F
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Juncus acutiflorus 

Juncus squarrosus 

Juncus trifidus 

N
ardus stricta 

P
ote

ntilla erecta 

T
richoph

orum
 

cespitosu
m

 

Glas Maol                    
700 m  19 (73.1)     2   1    3   1   
750 m  9 (42.9)             12     
800 m  6 (85.7)               1   
850 m  4 (20)  8     1   6     1   
900 m     2 3    1       1   
950 m   1    19    2         
1000 m          2  10 11       
Glas Tulaichean                    
700 m  125 (99.2)        1          
750 m  50 (98)        1          
800 m 1 14 (93.3)                  
850 m  42 (100)                  
900 m                    
950 m          3      2    
1000 m       1         1    
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Again as with the seedlings, for most of the species present in the surface 

vegetation no seed was recorded (Table 2.5). Overall there is high variability 

between stations, with 0 - 40% of the number of species present in the 

seedbank (as % of species in the surface vegetation). No clear patterns 

related to altitude were found, a regression showed there were no significant 

differences. However, Beinn a’ Bhuird shows slightly lower mean percentage 

values than the other sites. 

 
Table 2.5. Percentage of vascular plant species present in the surface vegetation which are 
represented in the seed rain from both years at all four sites. The results of the regression 
analysis (change with altitude) are given below. 
Altitude Beinn a’ Bhuird Derry Cairngorm Glas Maol Glas Tulaichean 
700 m n/a 14 % 12 % 29 % 
750 m 13 % 17 % 18 % 40 % 
800 m 8 % 33 % 18 % 10 % 
850 m 10 % 22 % 27 % 8 % 
900 m 11 % 8 % 22 % 0 % 
950 m 13 % 20 % 20 % 13 % 
1000 m 8 % 7 % 19 % 18 % 
mean 10 % 17 % 19 % 17 % 
Site d.f. s.s. P value 
Beinn a’ Bhuird 1,4 10.3 0.69 
Derry Cairngorm 1,5 41.5 0.40 
Glas Maol 1,5 18.1 0.23 
Glas Tulaichean 1,5 212.1 0.28 
 

2.3.3. Seed bank 

 

Seedlings germinated from the seed bank were identified to genus and 

where possible species (Table 2.6). The most common species of seedling to 

germinate from the seed bank was Calluna, and this was found at its highest 

density below 850m. With the exception of Glas Maol, Calluna seedlings 

continued to be the most common seedlings emerging from the seedbank 

above the level where Calluna cover was not dominant (Table 2.6). Above 

900m, Calluna seedlings emerged from the seedbank even though no 

Calluna cover was recorded at the trapping stations at all sites, with the 

exception of Glas Maol, where no seedlings emerged from the seedbank 

above 850m (Table 2.6).  

 

After Calluna, C. bigelowii was the most commonly recorded seedling to 

emerge from the seedbank at all sites. The exception to this was on Glas 



46 

Maol where G. saxatile was slightly more common (Table 2.6). An estimate 

of the density of the seedbank for C. bigelowii was made by multiplying the 

number of seedlings recorded by the area of the soil cores at each trapping 

station. Estimated seedbank densities for C. bigelowii are given Table 2.8. 

However only one seed was recorded in the seed traps, at 950 m on Glas 

Tulaichean. 

 

Most of the seedlings recorded emerging from the seedbank were of species 

found in the vegetation survey at seed trapping stations where the soil cores 

were collected (Table 2.6). However some seedlings germinated from the 

seedbank at sites (transects) where that species had not been recorded in 

the vegetation survey for the individual trapping station (highlighted in green 

in Table 2.6). Other seedlings were also recorded emerging from the 

seedbank, but were not recorded anywhere at that site (transect) in the 

vegetation survey, these are highlighted in yellow in Table 2.6. However the 

majority of vascular plant species which were recorded in the vegetation 

survey were not represented in the seedbank (Table 2.8). 
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Table 2.6. Seedlings germinated from soil cores collected along altitudinal transects at the 
four different sites. The numbers in brackets show Calluna seedlings as a percentage of the 
total seedling emergence from the seedbank at that station. Numbers highlighted in green 
are species which were recorded in the seedbank but not in the vegetation survey of the 
individual trapping station concerned, and were also recorded at other trapping stations at 
the same site. Numbers highlighted in yellow are species found in the seedbank but not 
recorded in the vegetation survey anywhere at that site. 
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Beinn a’ Bhuird                
700 m   666 (99.9)         1    
750 m   440 (100)             
800 m   368 (95.1) 17     2       
850 m  1 126 (86.9) 17           1 
900 m   76 (97.4) 2            
950 m    1     4       
1000 m   1 (20)      4       
Derry 
Cairngorm 

               

700 m   363 (98.1) 5      2      
750 m   254 (98.8) 1      2      
800 m   242 (94.2) 15            
850 m   579 (99.5) 2       1     
900 m   5 (100)             
950 m   9 (75)  2    1       
1000 m   2 (50)      2       
Glas Maol                
700 m 4  228 (92.7) 2  2 4 1   2  1 2  
750 m   2072 (99.9)     1      1  
800 m   375 (99.5) 1         1   
850 m   199 (100)             
900 m 1   1   3   1      
950 m    1   1   1      
1000 m                
Glas 
Tulaichean 

               

700 m   142 (100)             
750 m   165 (99.4)       1      
800 m   301 (100)             
850 m   489 (99.8)      1       
900 m   33 (94.3) 2            
950 m   2 (33.3) 2     2       
1000 m   4 (50) 2     2       
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Table 2.7. Estimated seedbank densities for C. bigelowii (seedlings per m2) at the four sites. 
Altitude Beinn a’ Bhuird Derry Cairngorm Glas Maol Glas Tulaichean 
700 m  135 54  
750 m  27   
800 m 459 405 27  
850 m 459 54   
900 m 54  27 54 
950 m 27  27 54 
1000 m    54 
 

Table 2.8. Percentage of vascular plant species present in the surface vegetation which are 
represented in the seedbank, by seedling emergence, at all four sites. The results of the 
regression analysis of change with altitude are given below. 
Altitude Beinn a’ Bhuird Derry Cairngorm Glas Maol Glas Tulaichean 

700 m 25 % 29 % 21 % 14 % 
750 m 13 % 33 % 18 % 20 % 
800 m 17 % 33 % 27 % 10 % 
850 m 40 % 33 % 7 % 8 % 
900 m 22 % 0 % 33 % 20 % 
950 m 25 % 5 % 13 % 13 % 

1000 m 8 % 0 % 0 % 18 % 
mean 21 % 19 % 17 % 15 % 
Site d.f. s.s. P value 
Beinn a’ Bhuird 1,5 13.4 0.66 
Derry Cairngorm 1,5 112 0.24 
Glas Maol 1,5 225.7 0.22 
Glas Tulaichean 1,5 1.59 0.78 
 
 

2.3.4. Analysis relating current seed rain (seed trapping) to historic seed rain 

(seed bank) 

 

Non Calluna species 

 

Data on the occurrence of plant species at the four sites were compared to 

determine if there was seed arriving at the sites from plants not currently 

present there. Due to the low numbers of non Calluna seeds collected, no 

formal statistical analysis was carried out. Only a few species not recorded in 

the vegetation survey of the site were found either in the seed traps or the 

seedbank. These are shown in Table 2.9 below. Species for which either 

seeds or seedlings were found with no cover at that trapping station are 

shown in Table 2.10.  
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Table 2.9. Plant species which were not recorded in the vegetation survey for the site but 
were recorded in either the seed traps or the seedbank. The number of seeds or seedlings is 
shown in brackets after the species name. 
Site Altitude From seed trap From seedbank 
Beinn a’ Bhuird 700 m*  Poa annua (1) 
 850 m  Juncus acutiflorus (1)  
 850 m  Anthoxanthum odoratum (1) 
Derry Cairngorm 700 m  Luzula multiflora (2) 
 750 m  Luzula multiflora (2) 
Glas Maol 700 m Juncus acutiflorus (3)  
 700 m  Potentilla erecta (1) 
 700 m  Sagina procumbens (2) 
 750 m  Sagina procumbens (1) 
 800 m  Potentilla erecta (1) 
 850 m Erica tetralix (1)  
 900 m Cirsium sp. (2)  
Glas Tulaichean 750 m  Luzula multiflora (1) 
 800 m Betula nana (1)  
* N.B. The seed trapping station was missing (see Section 2.2.2). 

 

The numbers of species (either as seeds and seedlings) not found in the 

vegetation survey at all (Table 2.9) were smaller than the number of species 

recorded at the site but not at the trapping station (Table 2.10). Most of the 

species found are common and would be expected to be present in these 

habitats. The one rare species found was a single Betula nana seed at 800 m 

on Glas Tulaichean, the nearest known site is more than 11 km away near 

Bynack Lodge (Dundee Museum's Local Record Centre, pers. comm.). 

 

Table 2.10. Plant species which were recorded in the vegetation survey for the site (transect) 
but not at the individual seed trapping station where they were recorded in either the seed 
traps or the seedbank. The number of seeds or seedlings is shown in brackets after the 
species name. 
Site Altitude From seed trap From seedbank 
Beinn a’ Bhuird 800 m Empetrum nigrum (1) Carex bigelowii (17) 
 850 m Juncus trifidus (14)  
 1000 m Calluna vulgaris (1)  
Derry Cairngorm 700 m  Carex bigelowii (5) 
 750 m  Carex bigelowii (1) 
 900 m Erica tetralix (1) Calluna vulgaris (5) 
 950 m Carex pilulifera (4) Calluna vulgaris (9) 
 950 m Juncus trifidus (7) Juncus trifidus (1) 
 1000 m Juncus trifidus (38) Calluna vulgaris (2) 
 1000 m  Juncus trifidus (2) 
Glas Maol 700m   Carex bigelowii (1) 
 900m Festuca ovina / vivipara (1) Luzula multiflora (1) 
 950 m  Luzula multiflora (1) 
Glas Tulaichean 850 m  Juncus trifidus (1) 
 950 m  Calluna vulgaris (2) 
 1000 m  Calluna vulgaris (4) 
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Calluna 

 

At all sites the emergence of Calluna seedlings from the seed bank was 

greater than the current seed rain. At most of the sites seedlings were 

observed emerging from the seedbank at higher altitudes than seed was 

collected (Figures 2.9 and 2.10). The highest recorded Calluna seed was at 

900m on Beinn a’ Bhuird, at the other sites Calluna seed was not found 

above 850m (Figures 2.9 and 2.10, and Table 2.4). The highest altitude 

where Calluna was recorded growing was 950m on Derry Cairngorm, at none 

of sites Calluna plants were recorded growing at the 1000m station (Table 

2.2). At three sites, Beinn a’ Bhuird, Derry Cairngorm and Glas Tulaichean, 

Calluna seedlings were emerging from the seedbank at altitudes above the 

highest recorded Calluna seed (Table 2.6). At the same sites Calluna 

seedlings were also observed to emerge from the seedbank of trapping 

stations where Calluna plants are currently absent. 
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Figure 2.9. Number of Calluna seeds collected (during both years) and seedlings emerging 
from the seedbank in comparison with percentage cover at different altitudes. Seed and 
seedling numbers are given on a log scale to make visual comparison easier.  
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Figure 2.10 Density (n m-2) of Calluna seed and seedlings at each altitude at all four sites for 
both years. 
 

The analysis so far has used the total seed rain over the two years during 

which data were collected (November/December 2002 until August 2004), to 

average out differences in interannual variation for comparison with the 

seedbank. Table 2.11. shows the interannual variation for Calluna between 

the two years for which seeds were collected. At higher altitudes Calluna 

seed dispersal occurs between December and June (Cummins and Miller 

2002), therefore the seed rain collected during 2003 and 2004 represents the 

seed production during two full years, i.e. 2002 and 2003. There is 

considerable variation between the two years at most seed trapping stations, 

with greater seed capture during 2004. This difference is shown to be 

significant. 
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Table 2.11 Interannual variation in Calluna seed rain at the four sites, collected during 2003 
and 2004, representing seed production during 2002 and 2003. The results of the paired t-
test are shown below and significant values are given in bold. 
Altitude Site Name Seed 

count 
2003 

Seed 
count 
2004 

2003  
(as % of total) 

2004  
(as % of total) 

750 m Beinn a’ Bhuird 119 120 50% 50% 
800 m Beinn a’ Bhuird 8 26 24% 76% 
850 m Beinn a’ Bhuird 2 5 29% 71% 
700 m Derry Cairngorm 77 127 38% 62% 
750 m Derry Cairngorm 49 39 56% 44% 
800 m Derry Cairngorm 52 33 61% 39% 
850 m Derry Cairngorm 25 84 23% 77% 
700 m Glas Maol 0 18 0% 100% 
750 m Glas Maol 0 9 0% 100% 
800 m Glas Maol 4 0 100% 0% 
850 m Glas Maol 4 0 100% 0% 
700 m Glas Tulaichean 26 99 21% 79% 
750 m Glas Tulaichean 7 43 14% 86% 
800 m Glas Tulaichean 5 13 28% 72% 
850 m Glas Tulaichean 0 38 0% 100% 
Sum Beinn a’ Bhuird 129 151 46% 54% 
Sum Derry Cairngorm 203 283 42% 58% 
Sum Glas Maol 8 27 23% 77% 
Sum Glas Tulaichean 38 193 16% 84% 
Sum All Sites 378 654 37% 63% 

Mean Variance Standard 
deviation 

Standard error 
of mean 

P value Results of 
paired t-test 

-0.8244 2.236 1.495 0.3861 0.051 

 

 

2.4. Discussion 

 

2.4.1. Potential for plants to move – upward shift in vegetation? 

 

This study investigated the potential for plants to move by comparing the 

surface vegetation with current seed rain and seedbank. If there is upward 

movement, different species are likely to move at different rates (Gottfried et 

al. 1999). The strongest signal in the data was for Calluna which is discussed 

in greater detail below. For other species there was insufficient data available 

to allow firm conclusions to be drawn. Possible factors influencing the 

migration of plants under predicted climate change, influences other than 

climate change as well as uncertainties are also discussed. 
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Calluna  

 

The majority of seedlings emerging from the seedbank were Calluna, 

irrespective of altitude (Section 2.3.3). This is similar to the results reported 

by Miller and Cummins (2003). As with seedlings from the seedbank, Calluna 

seeds were very common at lower levels, however no Calluna seed was 

recorded in the seed traps above 850 m.  

 

Most studies of Calluna seed dispersal and seedbanks are from lowland 

heaths. There are only few relevant studies from the Highlands and these 

were carried out by G. Miller and R. Cummins 20 to 30 years before the 

present study in the Grampian mountains (e.g. Miller & Cummins 1987, 

Cummins & Miller 2002). As no details were available for the exact location of 

the sites they used, it was not possible to make a direct comparison between 

their data and data from this study. Some general comparisons can be made 

though. 

 

In this study the numbers of germinable Calluna seeds m-2 in the seedbank 

between 800 and 900 m a.s.l. was >9,500. In comparison, Miller and 

Cummins (1987) and Cummins and Miller (2002) report > 10,000 germinable 

Calluna seeds m-2 in the seedbank between 800 and 900 m a.s.l. It should be 

noted that both studies used similar methods for soil collection and 

germination, also the same length of time was allowed for germination. In 

contrast this study found a mean annual seed deposition of 550 m-2 above 

800 m a.s.l., which is considerably lower than the 900 seeds m-2 reported by 

Cummins and Miller (2002). 

 

While there was no Calluna seed found in the current seed rain above 850m 

at any of the sites, in spite of the favourable conditions for seed set in the 

summer of 2003, there were germinable seeds in the seed banks above 

850m at all sites with one exception. On Glas Maol, there is no Calluna 

seedling emergence above 850 m, which would suggest that Calluna has 

been absent from the area where the trapping stations were located for a 

considerable period of time, given that Calluna seeds can survive in the seed 
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bank for more the 150 years (Cumming & Legg 1995, Miller & Cummins 

2001, Cummins & Miller 2002). The seedling emergence from the seed bank 

continued above the altitude with Calluna in the surface vegetation at the 

trapping stations, which stopped at 950 m on Derry Cairngorm and Beinn a’ 

Bhuird1, and 900 m on Glas Tulaichean.  

 

There are two possible scenarios which may explain the occurrence of 

Calluna seeds in the seedbank beyond the level of current Calluna surface 

cover at the trapping stations, and well beyond the currently recorded seed 

rain:  

 

Firstly, the seeds in the seedbank could represent an upward shift of Calluna, 

with vagrant seeds arriving from lower levels being incorporated into the 

seedbank, but currently unable to germinate due to low soil temperatures. 

Given that most Calluna seeds are deposited within 1 m of the parent plant 

(Bullock & Clarke 2000, Legg et al. 1992, Gimingham 1960), and the 

observed seed rain and Calluna seed set being unreliable in many years at 

altitudes above 600 m (Miller and Cummins 2001), soil seed banks may 

represent recruitment from only a few years or even just one crop of seeds 

(Thórhallsdóttir 1998). 

 

Secondly, the seedbanks may be remnants of former populations of Calluna 

at these sites. Given that these seedbanks are very long lived, the seeds 

found in the seedbanks could be the last remaining seeds of formerly more 

extensive Calluna cover. A possible mechanism for this would be 

endozoochory, as Calluna seeds can survive passage through the gut of 

grazing animals (Welsh 1985, Welsh et al. 1990, Pakeman 2001). 

 

It is possible to speculate that these populations are a relic of past grazing 

patterns. It is known that cattle were widely grazed at altitude during the 

summer months in the Scottish Highlands in past centuries. Historical 

records show cattle grazing near the south top of Beinn a’ Bhuird (1177 m) 

                                            
1 Interestingly Beinn a’ Bhuird has the highest recorded Calluna plant in Britain at 1095 m a.s.l. 
(Pearman & Corner 2003). 
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as late as ca. 1870s (New Statistical Account). This may have provided a 

means of dispersal for Calluna seeds, as well as for graminoid species 

(Welch 1985, Welch et al. 1990). This combination of potentially greater 

nutrient availability and graminoid cover may have led to favourable 

conditions for Calluna establishment (Bayfield 1996). Changes in grazing 

patterns may have resulted in the loss of the short lived graminoid 

population, leaving relic populations of the longer lived Calluna and its 

seedbank.  

 

Non Calluna species 

 

Overall there is very little seed currently arriving from outwith the trapping 

stations or outwith the sites (transects), showing that most seed is indeed 

deposited within a few metres of the parent plant. The few seeds which were 

most likely to have travelled long distances were those which have 

adaptations for wind dispersal, i.e. Betula nana and Cirsium sp. No vagrant 

seed was found from outwith the site above 900m, except for thistle down 

(Cirsium sp.).  

  

The numbers of non Calluna seedlings recorded emerging from the 

seedbank were far smaller than Calluna. There were a few vagrant species 

such as Poa annua, but this graminoid species was only represented by one 

seedling and is short lived in the seedbank (Bayfield et al. 1984). There were 

also some seedlings recorded which are rarely found in the seedbank such 

as Empetrum nigrum and Vaccinium myrtillus, these are principally dispersed 

by endozoochory (Welch 1985, Welch et al. 2000). None of these seedlings 

would by themselves represent a potential for a shift in vegetation zone, as 

most were within their current altitudinal distribution. 

 

There was one P. sylvestris sapling recorded in the vegetation survey at 750 

m on Derry Cairngorm, this is however not sufficient to suggest a rise in the 

tree line. While it is referred to here as a seedling, this is not a reflection of its 

age. Unfortunately it was too small to age by non destructive techniques, but 

it is possible that this plant had been here for some considerable time. There 
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have been a number of reports of P. sylvestris being found at altitudes of up 

to 850 m in the Cairngorms for the last 40 years (Bayfield et al. 1998), so this 

was not unexpected. 

 

C. bigelowii seedlings were observed emerging from the seedbank at lower 

altitudinal levels than was recorded in the vegetation survey. However C. 

bigelowii can persist in seedbanks for in excess of 200 years (Brooker et al. 

2001). Also seed dispersal is wind driven and can take place over long 

distances when the seeds are blown over snow (Brooker et al. 2001). The 

seedbank densities recorded at the four sites (Table 2.7) are similar to those 

reported in Alaska and Iceland (Brooker et al. 2001). 

 

One species was notable by the low level of its presence as seedlings in the 

seedbank, Juncus trifidus. Seedlings of this species were only recorded at a 

few trapping stations despite being well represented in the seed rain caught 

in the seed traps. Little is known of longevity in the seedbank, it is however 

noted as a sparse coloniser (Bayfield et al. 1984, Bayfield 1996). 

 

2.4.2. Factors influencing vegetation under climate change  

 

It has been suggested that global climatic change may increase seed shed 

and germination (Miller & Cummins 2001). Low temperatures are known to 

affect germination rate in Calluna, as the seeds do not germinate at 

temperatures below 10˚ C (Cummins & Miller 2002). The optimal constant 

temperature for germination of seeds of Calluna is 20˚ C, and freshly shed 

seed requires several days of relatively high temperatures in order to 

geminate (Cummins & Miller 2002). It should be noted that soil temperatures 

can be 1-2˚ C warmer than air temperature in winter and cooler in summer 

(Green & Harding 1980). However, Calluna seedling survival at higher 

altitudes is known to be poor (Legg et al. 1992, Bayfield et al. 1984) due to 

sporadic snow cover leading to frost heave (Legg et al. 1992) and increased 

wind exposure (Miller & Cummins 1987). Given current predictions of 

declining snow cover in future years due to climate change (Hulme et al. 
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2002), this is could lead to a slow decline in seedbank density due to 

increased germination followed by seedling mortality. 

 

For species other than Calluna there is far less published information 

available. Erica cinerea (L.) and Juncus squarrosus (L.) both produce less 

seed with increasing altitude (Miller & Cummins 1976), as does Nardus 

stricta (L.) (Miller & Cummins 1981) particularly in the west of Scotland (Miller 

& Cummins 1976). 

 

According to Miller and Cummins (2001), annual fluctuations in the seed set 

of Calluna at altitudes below 600 m vary quite widely, and at higher altitudes 

this inter-annual variation is more pronounced. The main factors found to 

influence seed set at higher altitudes are temperature and wind speed, with 

cool windy summers reducing the activity of invertebrate pollinators and also 

the growth of the pollen tube (Gimingham 1960, Mahy et al. 1998, Miller and 

Cummins 2001). Water shortage can also reduce seed set although this may 

be less important at higher altitudes in Scotland. It is not just Calluna which is 

affected by cool and wet summer weather. Molau and Larsson (2000) found 

that in Swedish Lapland the cool wet summer of 1995 substantially reduced 

seed set in all functional groups, particularly in graminoids and herbs. 

However in this study there was insufficient data to test this for the non 

Calluna species. 

 

In the current study a large variation was observed in the seed rain between 

the two years of seed collection. This may be due to the weather during the 

summers of 2002 and 2003 being very different in nature (Table 2.13). The 

summer of 2002 was cool and unusually wet, whereas the summer of 2003 

was warm and unusually dry2. This would explain the lower rates of seeds 

collected from the seed traps in 2003 compared with 2002 at most trapping 

stations. Overall the seed rain was higher for all sites in the 2nd year of seed 

trapping.  

 

                                            
2 Globally, 2002 and 2003 were respectively the 2nd and 3rd warmest years since records began (Lowe 
et al. 2003, 2004) 
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Table 2.13. Regional mean maximum and mean minimum temperatures, and mean rain fall 

for the summers (Jun – Aug) of 2002 and 2003 for the East of Scotland. (Source: 

Metrological Office web site www.met-office.gov.uk). 

Year Max °C Min °C Sun shine hrs Rain mm 

2002 16.8 9.3 373.9 347.6 

2003 18.6 9.9 522.9 138.4 

 

2.4.3. Influences other than climate change 

 

While the emphasis of this study is on climate change, it has to be 

remembered that influences other than climate could be responsible for some 

of the patterns observed in the data. At the Glas Maol and Glas Tulaichean 

sites, lower levels of both Calluna seed rain and seed bank size were 

recorded. For instance, a far lower capture of seed rain than at the other sites 

was observed on Glas Maol (the exception being at 750 m, see below), with 

mean annual densities of less than 350 seeds m-2 at all altitudes. This 

compares with mean annual seed densities of 3000-4000 m-2 at the lower 

altitudes on Beinn a’ Bhuird and Derry Cairngorm. This is probably due to 

grazing pressures, as the Glas Maol and Glas Tulaichean sites are currently 

grazed by sheep, whereas the other two sites are not. This grazing by sheep 

may have reduced the seed input to the seed bank, as well as being 

responsible for the reduced seed rain. 

 

At 750 m on Glas Maol the largest seedling count of all stations by far was 

recorded. This is possibly due to soil conditions, as the soil there was deep 

peat which is known to have an effect on the density and longevity of the 

Calluna seedbank (Legg et al. 1992, Cumming & Legg 1995, Miller & 

Cummins 2003).  

 

2.4.4. Uncertainties 

 

Determining the how far seeds can travel is notoriously difficult (Bullock & 

Clarke 2000, Greene & Calogeropoulos 2002). Possibly the trapping effort 
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was too small, but then seed was not the seen at stations with plants which 

would have been expected to produce seed. So there can be reasonable 

confidence in these results. 

 

There are always problems with the estimate of seedbank density (Miller & 

Cummins 2003), such as soil collection and processing methods, as well as 

timing with regard to the seed shed of the investigated species. In this study 

the collection of soil was much later in the year than Miller and Cummins 

(1987) and Cummins and Miller (2002). However it was still before most of 

the current year’s seed shed above 700 m a.s.l., which occurs between late 

December and early June at these altitudes (Cummins and Miller 2002). It 

should also be noted that the summer before the soil cores were collected 

(2002) was cold and wet, so the probability of seedling emergence depleting 

the seedbank was low, as Calluna seedlings do not germinate at soil 

temperatures below 10°C (Grime et al. 1981, Cummins and Miller 2002). 

 

2.5. Conclusions 

The results from the seed trapping suggest upward seed movement is limited 

and so any upward migration of lower vegetation zones, either Calluna or 

other vascular plants will be very slow. However, the study also showed that 

there is a small Calluna seedbank above the vegetation zone where Calluna 

is currently the dominant plant. However it is questionable whether the 

seedbank would enable Calluna to colonise higher altitudes, because of high 

seedling mortality. While it has not been possible to determine during this 

study if there have been any changes in the nature of the seedbank over 

recent decades, the size of the Calluna seedbanks reported from the 1970’s 

and 1980’s (Miller & Cummins 1987, Cummins & Miller 2002) is similar to 

that found by this study. 
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Chapter 3: Effects of environmental manipulation of 

local climate on plant interaction. 

 

Abstract: 

 

Open Top Chambers (OTCs) were used as passive warming devices, to test 

whether an amelioration of harsh environmental conditions, simulating the 

effects of predicted climate change, would alter the balance between 

competition and facilitation in arctic/alpine plant communities. 

 

The experiment was set up at an altitude of 1000 m a.s.l. in the Scottish 

Highlands, using Carex bigelowii and Alchemilla alpina as target plants. The 

target plants were transplanted into replicate environmental treatments, using 

OTCs, wind shelters and control treatments. Within each environmental 

treatment, the target plants were planted with as well as without neighbours. 

Measurements were taken of final above ground biomass of the target plants, 

as well as environmental variables (soil and air temperature, wind speed and 

direction, soil moisture and PAR). 

 

The results showed that the changes in the measured environmental 

variables were not sufficient to alter the balance from competition and 

facilitation for either of the target species. This may be due to some variables 

counteracting each other, e.g. increased soil temperature and decreased 

wind speed versus decreased air temperature. The only significant changes 

in above ground biomass were seen between the with and without 

neighbours treatments for A. alpina. This was observed for all three 

environmental treatments. It is suggested that this was mainly due to cooling 

effects on the meristem, which resulted in the plants without neighbours 

being exposed to lower air temperatures and therefore reduced growth. 

Further work is needed. 
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3.1. Introduction 

 

3.1.1. Competition and facilitation 

 

Where plants are growing near each other, there is inevitably interaction 

between them. These interactions can be either negative or positive. Much 

emphasis has been placed on negative interaction in terms of competition for 

resources (Grime et al.1981, 2000, Grime & Hillier 2000, Tilman 1982, 

Campbell et al. 2003). However, in recent years, the importance of positive 

interactions within plant communities has also become a focus of research 

(Bertness and Callaway 1994, Callaway 1998). 

 

Bertness and Callaway (1994) define positive interactions as “all non-

consumer interactions among two or more species that positively affect at 

least one of the species involved”. Positive interactions, or facilitation, 

between plants in harsh environments can affect recruitment success and 

establishment (Bertness & Callaway 1994, Brooker & Callaghan 1998) by 

ameliorating physical environmental stress. Bertness and Callaway (1994) 

give desiccation, low nutrient levels, osmotic stress, soil oxygen, soil 

moisture and disturbance as examples of contributors to physical stress. 

Callaway (1995) gives a comprehensive review of examples of facilitation. In 

physically severe conditions (heat, cold, etc.) the ability of plants to acquire 

basic resources is impaired, so if the presence of neighbours reduces severe 

stress, then this facilitation will out weigh any restriction caused by 

competition with that neighbour (Callaway 1995). Benefits of facilitation 

(Callaway et al. 2002) are, for instance, accumulation of nutrients, provision 

of shade, amelioration of disturbance, or protection from herbivores. 

 

Positive interactions are not necessarily species-specific, however much of 

the early work concentrated on species-specific interactions (Callaway 1995, 

1998). Such interactions can be important in determining the composition of 

plant communities (Callaway 1995, Choler et al. 2001). The strength of these 
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interactions can be tested by using neighbour removal experiments, where 

plants are grown with and without neighbours. Where plants show greater 

growth in with-neighbours treatments, facilitation is more important as a 

driver than competition (Choler et al. 2001, Choler & Michalet 2002, Hobbie 

et al. 1999, Huckle et al. 2000, Huckle et al. 2002, Syndonia Bret-Harte et al. 

2004). 

 

The strength of species interaction changes along environmental gradients. 

Choler et al. (2001) found increased facilitation with increasing altitude in 

alpine plant communities in the French Alps, and Callaway et al. (2002) came 

to similar conclusions with experiments in mountain ranges in North and 

South America as well as Europe and the Caucasus. Facilitation may also be 

important in widening the distribution of plant species along environmental 

gradients (Choler et al. 2001). The changeover from competition to facilitation 

can be seen as the main driver along a gradient of increasing environmental 

severity and one which is often ignored or not fully taken into account in 

models (Callaway 1995). 

 

3.1.2. Environmental manipulation - warming experiments 

 

It is widely recognised that the global climate is changing, in part due to 

anthropogenic effects, and that this change will affect upland ecosystems 

(see Chapter 1). Previous studies have attempted to simulate the effects of 

climate change in the field, and a few have taken an active warming 

approach. At Great Dun Fell (845 m), in England, as part of an experiment 

investigating the effects of soil temperature on root growth, heating cables in 

a grid below the soil surface were used (Ineson et al. 1998, Fitter et al. 1999). 

The low voltage heating cables were buried at a depth of 2 cm, these were 

able to maintain a temperature of approximately 3°C above ambient. This led 

to a short term increase in nutrient availability and an increase in root 

turnover, but biomass was little affected (Fitter et al. 1999). 
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In another approach, suspended infrared heating lamps were used at a site 

in the Colorado Rocky Mountains, USA (Price & Waser 1998, Price & Waser 

2000, Shaw & Harte 2001, Saavedra et al. 2003). This led to an increase in 

soil temperatures in the treatment plots of 5°C compared with the control 

plots (Shaw & Harte 2001). On this site there was also an increase in nutrient 

availability in the short term, but this declined over time (Shaw & Harte 2001). 

At the end of a four year period Price & Waser (2000) had found no evidence 

of a change in the plant community. 

 

While these approaches give a great deal of control, they are costly and have 

obvious logistical limitations, i.e. requiring an electrical power supply. Many 

more studies have attempted to simulate climate change by the use of 

passive greenhouse type devices. A comprehensive review is given by 

Kennedy (1995a). He recommends that these devices be used with care and 

that the experimenter is aware of the environmental factors which are 

affected by the passive greenhouses. Most of the greenhouse type devices 

which Kennedy (1995a) reviews were closed; the use of open topped devices 

is less problematic. As Hollister & Webber (2000) have shown, Open Topped 

Chambers (OTC) can be used as an analogue of natural interannual 

temperature variation. 

 

The International Tundra Experiment (ITEX) has developed a recommended 

standardised approach for the use of OTCs. These are shown to be effective 

at providing an analogue for climate warming (Kennedy 1995a,b, Marion 

1996, Marion et al. 1997, Hollister & Webber 2000). ITEX chambers increase 

the temperature within the chambers by 1-3°C (Henry & Molau 1997), but at 

the same time reduce wind exposure experienced by the plants (Hollister & 

Webber 2000). The OTCs are designed to achieve a warming effect by 

reduction of wind speed and by acting as solar traps, in the same way as a 

greenhouse (Marion 1996). 
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3.1.3. Target plant species 

 

Modelled simulations of the effects of climatic change on the distributions of 

several plants using a climate envelope model (Berry et al. 2002), have 

suggested that the altitudinal range of Carex bigelowii (Stiff sedge) and 

Alchemilla alpina (Alpine Lady's Mantle) may be affected by climate change. 

The predicted distribution maps show a marked reduction in the range of A. 

alpina and C. bigelowii in Britain by the 2080’s (Berry pers com.). 

 

C. bigelowii is a perennial clonal sedge with creeping rhizomatous growth 

(Brooker et al. 2001). A. alpina is a creeping herbaceous perennial, which 

occurs widely in upland Britain. Carlsson and Callaghan (1991) show that in 

Swedish Lapland C. bigelowii had greater above ground biomass where it 

was within Racomitrium lanuginosum or Empetrum hermaphroditum clumps 

than did plants growing without neighbours. A similar response could be 

achieved with the use of plywood shelters.  

 

3.1.4. Aims 

 

The main aim of the experiment described here was to determine if 

environmental manipulation can change the balance between facilitation and 

competition for the two target species on a Scottish mountain through the use 

of OTCs and wind shelters. The following hypotheses were tested: 

 

• An increase in temperature may change the balance from facilitation 

to competition.  

• Warming provided by small OTCs and wind shelters will be sufficient 

to increase levels of competition experienced by the target species.  

• Temperature is a more important ecological factor than wind. 
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3.2. Methods 

 

3.2.1 Site Description 

This research was carried at 1000 m a.s.l. (NO048758), near the summit 

plateau of Glas Tulaichean (1051 m), in the Scottish Highlands to the north-

west of the Spittal of Glenshee (Figure 3.1). The underlying geology is 

Caenlochan Schist with Lamprophyre and Felsite intrusions (BGS 1989), and 

the soil is acidic in nature. The area is designated as a Site of Special 

Scientific Interest (SSSI) of international importance and a provisional 

Special Area of Conservation. The SSSI citation states that the site has “a 

representative range of summit vegetation, including montane heaths” (SNH 

file Ref: NO07/2). The summit vegetation consists of an area of extensive 

Carex – Racomitrium heath, the vegetation below the summit is dominated 

by wind clipped Vaccinium and Empetrum. Permission was sought from and 

granted by the land owner and SNH before work was started. The site has a 

clear south westerly aspect and benefits from easy access by landrover 

along an existing track. The site slopes at an angle of 18.7 degrees and has 

a Topex score of 10 (Wilson 1984). 
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Figure 3.1. Map of the location of the experimental site on Glas Tulaichean at 1000 m a.s.l. 
(NO048758) in the Scottish Highlands. The site is situated next to a landrover track allowing 
easy access and has a south westerly aspect. © Ordnance Survey (with permission). 
1:50,000. 
 

3.2.2. Experimental design 

 

In order to test the effects of an increase in temperature on competition in 

plant communities, three different environmental treatments were used, 

OTCs, wind shelters, and controls. The OTCs, built to a design adapted from 

the protocol developed by ITEX for their programme of arctic and alpine 

climate change research (Molau & Mølgaard 1996), were used to manipulate 

the local climate. These OTCs have the advantage of being a robust, tried 

and tested design (Marion et al. 1997), and they are relatively cheap. The 

wind shelters (Shelter) are a simpler design, consisting of strips of 3 mm 

Plexiglas™ strapped to the side of wire cages, were used to provide shelter 

from the wind without causing the same level of heating as the chambers 

(Marion 1996). OTCs work by reducing the air flow inwith the chambers and 

the clear Plexiglas™ sides act in the same way as glass in a green house in 

allowing warming in side the chambers (Henry & Molau 1997, Marion 1996). 

The wind shelter can also have a warming effect, but to a far lesser extent. 

The control treatments were just wire cages. The same wire cages were 
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used for both the Shelter and Control treatments to exclude large herbivores, 

i.e. mountain hares (Lepus timidus). 

 

The three different environmental treatments were set out in a randomised 

block design. Each block consisted of one OTC, one wind shelter and a 

control, as shown in Figure 3.2. There were eight replicate blocks used in this 

experiment. 

 

 
Figure 3.2. One replicate block consisting of an OTC, a wind shelter and control. The wind 
shelter and the control treatments used wire cages to exclude large herbivores. 
 

Although the ITEX OTCs and Wind Shelters are relatively cheap, there was 

insufficient funding to build enough full sized chambers to the standard ITEX 

design, in order to provide sufficient replication for sound statistical analysis. 

Therefore it was decided that smaller chambers (the panels used to build the 

chambers were half the size recommended by ITEX) be used to allow an 

increased number of replicates. 

 

The OTCs were adapted from a design used by the ITEX programme of 

arctic and alpine climate change research (Molau & Mølgaard 1996). 
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Specifications for building a 25 cm tall, 75 cm open-top hexagon are shown 

in Figure 3.3. Fixing the 60° inclination of the panels, the height, and a 

diameter (basal or top) fixes all other dimensions through geometric relations. 

The panels were bolted to an aluminium corner brace bent at 120o to 

maintain the correct shape, and further aluminium braces were riveted to the 

top edge of each panel. The panels were made from 3 mm Plexiglas™, as 

recommended by Marion (1996). 

 

 
Figure 3.3. Schematics for building a 60°, 25 cm tall, 1.04 m basal diameter hexagon 
chamber (adapted from Marion 1996). 
 

The wind shelters used were 3 mm thick Plexiglas™ strips of 1 m length and 

20 cm height, which were strapped to the windward side of the wire cages 

with cable ties. This is a simpler design than that recommended by ITEX 

(Molau & Mølgaard 1996). 

  

The area within each environmental treatment was divided into four plots 

(north, south, east and west), with one plant in each plot. The treatments 

applied are shown in Table 3.1. Two plants of each target species were used, 

one with and one without-neighbours, respectively. This allowed for the 

position used for each treatment to be replicated twice, as a control for the 

effect of position within each treatment. These positions were randomly 
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assigned to the eight blocks, and within each block the positions were kept 

the same in each treatment. An example of the plot design is shown in Figure 

3.4. 
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Table 3.1. With and without neighbour treatments applied to the two target species planted 
into the different environmental treatments. 
Treatment Neighbours 

+ Warming and shelter (Chamber) 
- 
+ Wind Shelter only (Shelter) 
- 
+ 

No Warming or shelter (Control) - 
 

 

 
Figure 3.4. Example of the plot design showing planting positions within an OTC. The two 
target plants were planted either with (+) or without (-) neighbours, and the position of each 
plant was marked with a nail painted red. 
 

Individuals of C. bigelowii and A. alpina were collected on the summit plateau 

area, and were transplanted into the experimental blocks. For A. alpina, 20-

30 mm lengths of rhizome with a single growing apex were transplanted 

(Morecroft & Woodward 1996). For C. bigelowii, each plant consisted of two 

tillers, one storage tiller and one young growing tiller. All the young tillers that 

were chosen had a new tiller shoot on them (Figure 3.5). 
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Figure 3.5. Example of a C. bigelowii plant with two tillers and a new tiller shoot showing on 
the young tiller. 
 

As far as possible the plants used for each replication were of a similar size 

(judged by eye) and age. The plants were marked with a nail painted red, so 

that they could be easily found and identified (see Figure 3.4). In the with 

neighbour treatments, the target plants were planted into the existing 

vegetation. For the without neighbour treatments, all plants within a 10 cm 

radius of the target plants were removed by manually clipping away all plants 

at ground level within the plot. The edges around these plots were cut 

straight downwards to sever roots or rhizomes from plants outwith the plot. 

The below ground parts of the plants were not removed, as this would have 

disturbed the root systems (Aarssen & Epp 1990). Removal of any plant re-

growth, other than the target plant, was repeated as often as necessary 

throughout the growing season. 

 

The experiment was set up in August 2002 and was run for two further 

growing seasons. The chambers and shelters were kept in situ for the whole 

experiment. The original plan had been for the chambers to be taken in for 

the winter period. However, as there was a early and heavy snow fall in 

October 2002, it was not possible to take the chambers in, and so they were 

left in situ and monitored to see how much they affected the snow cover 



80 

inside the chambers. Both chambers and cages were seen to accumulate 

snow relative to the surroundings.  

 

An attempt to record this was made, using a digital camera. Unfortunately, 

the photographs taken to show this were lost due the effects of cold on the 

digital camera, and no other measurements were taken due to the severe 

conditions on the mountain. 

 

3.2.3. Growth of target plants  

 

Measurements of growth were taken in May and August 2003, at the start 

and end of the growing season. The measurements taken for C. bigelowii 

were number of leaves and number of tillers. Measurements of culm height 

on flower stalks were intended to be taken, however no flower stalks were 

produced during 2003.  

 

Measurements were also taken of the numbers of leaves (Kershaw 1960) 

and numbers of flowers of A. alpina. These measurements of were taken in 

May and August, as this represents the beginning and end of the growing 

season for this species (Peat et al. 2002).  

 

In August 2004 (before the start of the main shooting season) all the target 

plants were removed and were air dried for two weeks. Then the above and 

below ground parts of the plants were separated. The above ground parts of 

the plants were weighed and recorded to determine the total above ground 

biomass of the plants. Below ground parts were not used, to avoid 

complications with soil, i.e. difficulties of separating fine roots from the soil 

and the resulting uncertainties. 
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3.2.4. Environmental monitoring 

 

Measurements of air and soil temperature, soil moisture, and wind speed at 

ground level were taken in all environmental treatments. Irradiance was 

measured as Photosynthetically Active Radiation (PAR), and was recorded in 

the OTC and Control treatments only. Wind speed and direction were also 

measured at 1 m above ground level.  

 

All temperature measurements were made using Campbell Scientific® 107 

thermistors, wind speed at ground level was measured using modified 

Windtronic 2 (Kaindl Electronic®, Rohrbach, Germany) anemometers (Figure 

3.6), wind speed and direction at 1 m was recorded with a three cup 

anemometer and a wind vane (Didcot Instruments, UK), irradiance was 

measured with a PAR meter (Didcot Instruments, UK), and soil moisture with 

ThetaProbe ML2x (Delta-T Devices, UK) soil moisture probes. All the 

instruments were calibrated and tested by technical services at the Macaulay 

Institute before be taken out into the field. 

 

 
Figure 3.6. A modified Windtronic 2 anemometer as used to measure wind speed at ground 
level within the environmental treatments. 
 

Temperature measurements were made next to two of the plants in each 

environmental treatment, one with and one without-neighbours. Air 

temperature was measured beneath vegetation cover, to shield the sensors 

from direct solar radiation in the with-neighbours treatments, as 

recommended by Marion (1996). In the without neighbour treatments the 

thermistors were angled to point north to avoid direct sunlight on the tip 

where temperature is measured. Soil temperature was measured at a depth 

of 1 cm below the soil surface in both treatments. 
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All measurements were made at 5 minute intervals, then averaged hourly 

and recorded with a Campbell Scientific® CR10 datalogger with an AM16 

Multiplexer to increase the number of available channels. These 

measurements were taken during the growing seasons of 2003 and 2004. 

Due to a shortage of equipment, there were only enough instruments 

available to measure one block at a time (rather than all eight blocks being 

logged at the same time, which would have been ideal). Instruments were 

moved from block to block once a month in 2003 and once a week in 2004. 

 

The logger and instruments were first installed at the site in the summer of 

2003. At this time the battery was located inwith the logger housing, requiring 

the housing to be opened once a month to allow data to be downloaded and 

the battery to be changed. As a consequence of this, the weather sealing of 

the logger housing was poor and there were constant problems with water 

entering the housing. As a result there were frequent problems with the 

logger and little usable data were collected during the 2003 growing season. 

The logger eventually failed completely in September 2003. 

 

Over the winter of 2003/2004 the logger was repaired and the housing 

modified, so that opening was no-longer required for data downloading and 

battery changing. The logger was returned to the site in May 2004, and this 

time there were fewer problems. For this reason the results given here are all 

taken from data recorded between 12th May and 28th July 2004. 

 

There were, however, some problems with one of the thermistors recording 

in the Shelter treatments during the summer of 2004. There was also a loss 

of data in the final two weeks of the experiment, when the logger once again 

experienced problems with one of the data channels. 
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3.2.5. Analysis methods 

 

Plant biomass 

 

An Analysis of Variance (ANOVA) of the final dry weight of the above ground 

parts of the plants was carried out using GenStat V7.2 (Lawes Agricultural 

Trust, 2003). The difference in the numbers of leaves counted in May and 

August 2003, representing the previous years growth, was used as a 

covariate in the analysis. 

 

Environmental measurements 

 

Due to the lack of spatial replication of the environmental measurements, 

ANOVA could not be used as originally planned and a different statistical 

approach had to be found. 

 

In order to explore the effects of the OTCs on the environmental variables 

(air temperature, soil temperature, wind speed, soil moisture and PAR), a 

number of charts were plotted. The temperature charts plotted the OTCs 

versus the Control treatments at three hourly intervals. A Least-square linear 

regression line was added and compared with a null hypothesis of there 

being no difference in temperature between treatments (1:1). A regression 

analysis was carried out to determine the significance of the difference 

between the regression and one (rather than zero as is conventional). 

 

Differences in mean soil moisture were tested (under guidance from BioSS) 

using a one way ANOVA to exclude the variation due to block and to test the 

significance of the variation between blocks. 
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3.3. Results 

 

3.3.1. Plant biomass 

 

For the purposes of the analysis, it was assumed that the biomass of the 

target plants was the same within each species at the start of the experiment. 

The two target species in the experiment, Alchemilla alpina and Carex 

bigelowii, showed different responses to the neighbour removal treatment. 

Differences in the final dry weight of the above ground parts of the plants, 

harvested at the end of the experiment, were taken to represent the different 

total biomass of the plants. 

 

Overall C. bigelowii had far greater above ground biomass than A. alpina, as 

the former plants tend to produce much larger leaves. In the with-neighbours 

treatments the A. alpina showed a greater above ground biomass than in the 

without-neighbours treatments, and this was seen across all three 

environmental treatments (Figure 3.7a). An ANOVA showed this difference in 

biomass to be statistically significant (Table 3.2). However, the biomass of C. 

bigelowii was less clearly affected by the neighbour removal treatment, as 

shown in Figure 3.7b, and this was found not to be statistically significant 

(Table 3.2). Neither of the target species showed a statistically significant 

interaction with the environmental treatment (Table 3.2). 
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Fig 3.7a. Comparison of the mean dry weights of the above ground parts of Alchemilla alpina 
under the three different environmental treatments. The + sign signifies that the plants were 
grown with-neighbours and the – sign shows plants grown without neighbours. The error 
bars show the Standard Error of the eight replicates. 
 

 

 
Fig 3.7b. Comparison of the mean dry weights of the above ground parts of Carex bigelowii 
under the three different environmental treatments. The + sign signifies that the plants were 
grown with-neighbours and the – sign shows plants grown without neighbours. The error 
bars show the Standard Error of the eight replicates. 
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Table 3.2. Results of an ANOVA of the mean dry weights (shown in Figure 3.7a. and 3.7b) of 
the above ground parts of plants grown with or without-neighbours in three different 
environmental treatments, using number of leaves in the previous year as a covariate. 
Significant values are given in bold. 
       Alchemilla alpina (Fig. 3.7a)  d.f. s.s. m.s. v.r. cov.ef P value 
Neighbours 1 0.116 0.116 25.71 0.95 <0.001 
Environmental Treat 
Neighbours 

2 0.005 0.002 0.54 0.95 0.593 

Covariate 1 <0.001 <0.001 0.17  0.685 
       Carex bigelowii (Fig 3.7b)       
Neighbours 1 0.001 0.001 0.11 0.96 0.749 
Environmental Treat 
Neighbours 

2 0.001 <0.001 0.04 0.97 0.964 

Covariate 1 0.006 0.006 0.61  0.445 
        

3.3.2. Environmental variables 

 

Wind Speed and direction 

 

Wind speed recorded at ground level was slower than at 1 m (Figure 3.8) due 

to the effects of surface roughness of the vegetation causing drag. Within the 

environmental treatments wind speed was significantly slower in the OTC 

than it was in the Shelter or Control. The difference in wind speed between 

the Shelter or Control was not significant. 

 

The wind shelter environmental treatments were set up based on the 

assumption that the prevailing wind direction would be south westerly. 

However, as Figure 3.9 shows the prevailing direction during the period 

recorded was south easterly. 
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Figure 3.8. Comparison of the mean hourly wind speeds at 1m above ground and mean wind 
speeds recorded at the ground level inwith the three environmental treatments. The error 
bars show standard error calculated from the combined means of the data recorded by 
treatment block. 
 

 

 
Figure 3.9. Wind rose showing the frequency of wind directions recorded between 12th May 
and 28th July 2004. The key shows the direction from which the wind was blowing in 50o 
intervals, and the bars the percentage of time from that direction, i.e. the longer the bar, the 
greater the time the wind was blowing from the given direction. 
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Temperature 

 

Temperature was recorded in all blocks between 12th May and 28th July 

2004. However, partial logger failure resulted in the loss of temperature 

records in blocks three and four. For the with-neighbours treatments, mean 

air temperatures were higher in the Control blocks than in either the wind 

shelters or OTCs. These differences in air temperature are shown in Table 

3.3. Air temperatures shown are for the with-neighbours treatments only, as 

there were too many errors in the measurement of the without neighbours 

treatment due to direct solar radiation on the tip of the thermistor. 

 

Table 3.3. Mean of hourly differences in temperature between environmental treatments  
recorded between 12th May and 28th July 2004 (78 days). Overall the air temperatures in 
the Control treatments were higher than in either the OTC or shelter treatments. However, 
soil temperatures in the OTC treatments were higher than in the Control treatments. Soil 
temperatures for the Shelter treatments are not available due instrument failure. 
Difference between Treatments Mean Difference oC 
Control and OTC Air Temperature (with-neighbours) -0.8 
Control and Shelter Air Temperature (with-neighbours) -0.3 
Control and OTC Soil Temperature (with-neighbours) 1.3 
Control and OTC Soil Temperature (without-neighbours) 0.9 
 

In order to explore the effects of the OTCs on air temperature, a number of 

charts were produced (Figure 3.10). These charts plotted the mean 

temperatures recorded at different times of day. Where the best fit line is 

below the 1:1 line (red), the OTCs where cooler than the controls and where 

it is above, the OTCs were warmer than the controls (Table 3.4). 
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Figure 3.10. Mean air temperatures recorded in the with-neighbours treatments within the 
OTC and Control environmental treatments. The red line shows the null hypothesis, i.e. that 
there is no difference in temperature between OTC and Control treatments. 
 

Overnight cooling of air in the OTCs is clearly shown at 03:00 hr (Chart a) 

and 06:00 hr (Chart b) in Figure 3.10. Cooling is at its greatest at 06:00 hr, 

when the mean difference in temperature is 3°C and this is statistically 
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significant (Table 3.4). At midnight (Chart h) the slope is significantly different 

from the 1:1 line. 

 

 

Table 3.4. The results of the regression analysis to determine if the differences observed in 
mean air temperatures in the with-neighbours treatments in the charts shown in Figure 3.10 
(above) are significant. The null hypothesis being tested is that the deviation is different from 
one (not zero, as is conventional). Significant values are given in bold. 
Time (chart) d.f.  Coefficients Standard 

Error 
t Stat P-value 

Intercept -1.136 1.086 -1.046 0.303 03:00 (a) 34 
Slope 0.846 0.185 0.829 0.413 
Intercept -2.965 1.105 -2.682 0.011 06:00 (b) 34 
Slope 0.949 0.162 0.312 0.757 
Intercept 1.42 1.458 0.974 0.337 09:00 (c) 34 
Slope 0.664 0.159 4.165 0.337 
Intercept 1.734 1.572 1.103 0.277 12:00 (d) 34 
Slope 0.924 0.113 0.669 0.507 
Intercept 2.334 1.4 1.674 0.103 15:00 (e) 34 
Slope 0.865 0.089 1.507 0.141 
Intercept 0.801 1.038 0.771 0.445 18:00 (f) 34 
Slope 0.912 0.071 1.238 0.224 
Intercept 0.153 0.96 0.159 0.875 21:00 (g) 34 
Slope 0.871 0.115 1.125 0.268 
Intercept 2.135 1.248 1.711 0.096 24:00 (h) 34 
Slope 0.342 0.18 3.649 <0.001 

 

 

The same approach was also used to look at mean soil temperatures. Mean 

soil temperatures were higher in the OTC treatments than in the Controls 

(Figure 3.11). These differences, with the exception of midday (Chart d), 

were significant (Table 3.5). They showed more buffering and therefore have 

less temperature fluctuation than is seen in the air temperatures.  
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Figure 3.11. Mean soil temperatures recorded in the with-neighbours treatments within the 
OTC and Control environmental treatments. The red line shows the null hypothesis, i.e. that 
there is no difference in temperature between OTC and Control treatments. 
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Table 3.5. The results of the regression analysis of the mean soil temperatures in the with-
neighbours treatments to determine if the differences observed in the charts shown in Figure 
3.11 (above) are significant. The null hypothesis being tested is that the deviation is different 
from one (not zero, as is conventional). Significant values are given in bold. 
Time (chart) d.f.  Coefficients Standard 

Error 
t Stat P-value 

Intercept 3.178 0.416 7.639 <0.001 03:00 (a) 34 
Slope 0.565 0.074 5.84 <0.001 
Intercept 2.58 0.378 6.82 <0.001 06:00 (b) 34 
Slope 0.645 0.069 5.116 <0.001 
Intercept 3.363 0.756 4.448 <0.001 09:00 (c) 34 
Slope 0.636 0.11 3.292 0.002 
Intercept 1.687 0.991 1.701 0.098 12:00 (d) 34 
Slope 1.001 0.108 0.01 0.992 
Intercept 3.184 1.052 3.026 0.005 15:00 (e) 34 
Slope 0.905 0.097 0.986 0.331 
Intercept 3.282 1.169 2.807 0.008 18:00 (f) 34 
Slope 0.845 0.126 1.226 0.229 
Intercept 4.499 0.753 5.978 <0.001 21:00 (g) 34 
Slope 0.553 0.099 4.475 <0.001 
Intercept 3.479 0.537 6.481 <0.001 24:00 (h) 34 
Slope 0.556 0.087 5.072 <0.001 

 

 

Differences in soil temperature in the without neighbours treatments between 

the OTC and Control environmental treatments are shown in Figure 3.12. 

These show a difference in day time soil temperatures, with the OTCs being 

warmer. At night soil temperatures recorded in the OTCs were slightly lower. 

Due to instrument problems there were fewer measurements for all time 

points except Chart (g) 21:00 hr. This time point showed the only significant 

difference between the OTCs and Controls (Table 3.6). 
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Figure 3.12. Mean soil temperatures recorded in the without neighbours treatments within 
the OTC and Control environmental treatments. The red line shows the null hypothesis, i.e. 
that there is no difference in temperature between OTC and Control treatments. 
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Table 3.6. The results of the regression analysis of the mean soil temperatures in the without 
neighbours treatments to determine if the differences observed in the charts shown in Figure 
3.12 (above) are significant. The null hypothesis being tested is that the deviation is different 
from one (not zero, as is conventional). Significant values are given in bold. 
Time (chart) d.f.  Coefficients Standard 

Error 
t Stat P-value 

Intercept -0.451 0.748 -0.604 0.551 03:00 (a) 28 
Slope 0.023 0.112 0.207 0.837 
Intercept -0.335 0.598 -0.561 0.579 06:00 (b) 28 
Slope 0.028 0.094 0.301 0.766 
Intercept 2.214 1.351 1.639 0.112 09:00 (c) 28 
Slope 0.207 0.183 1.13 0.268 
Intercept 1.729 2.355 0.735 0.473 12:00 (d) 16 
Slope 0.031 0.255 0.122 0.904 
Intercept 2.995 2.069 1.447 0.167 15:00 (e) 16 
Slope 0.086 0.202 0.425 0.677 
Intercept 2.959 2.006 1.475 0.151 18:00 (f) 28 
Slope 0.192 0.18 1.066 0.295 
Intercept 4.332 0.714 6.068 <0.001 21:00 (g) 34 
Slope 0.504 0.082 6.153 <0.001 
Intercept -0.229 0.83 -0.275 0.785 24:00 (h) 28 
Slope 0.015 0.112 0.135 0.894 

 

 

Differences in air temperature between the Shelter and Control treatments 

are shown in Figure 3.13. In the Shelter treatments mean air temperatures 

were closer to the 1:1 line than in the OTC treatments. Due to instrument 

problems there were fewer measurements for Chart (d) 12:00 hr and Chart 

(e) 15:00 hr time points (Table 3.7). At midnight the intercept is shown to be 

significantly different but not the slope, suggesting there was some seasonal 

variation. 
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Figure 3.13. Mean air temperatures recorded in the with-neighbours treatments within the 
Shelter and Control environmental treatments. The red line shows the null hypothesis, i.e. 
that there is no difference in temperature between Shelter and Control treatments. 
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Table 3.7. The results of the regression analysis of the mean air temperatures to determine if 
the differences observed in the charts shown in Figure 3.13 (above) are significant. The null 
hypothesis being tested is that the deviation is different from one (not zero, as is 
conventional). Significant values are shown in bold. 
Time (chart) d.f.  Coefficients Standard Error t Stat P-value 

34 Intercept -0.478 0.892 -0.536 0.595 03:00 (a) 
34 Slope 1.231 0.165 -1.401 0.17 
34 Intercept -0.273 0.609 -0.449 0.657 06:00 (b) 
34 Slope 1.068 0.115 -0.593 0.557 
34 Intercept 2.375 1.416 1.677 0.103 09:00 (c) 
34 Slope 0.609 0.155 2.522 0.017 
16 Intercept 3.032 1.455 2.084 0.054 12:00 (d) 
16 Slope 0.704 0.118 2.5 0.024 
16 Intercept 3.701 1.765 2.097 0.052 15:00 (e) 
16 Slope 0.605 0.139 2.834 0.012 
34 Intercept 2.838 1.79 1.585 0.122 18:00 (f) 
34 Slope 0.722 0.13 2.136 0.04 
34 Intercept 0.732 1.954 0.374 0.71 21:00 (g) 
34 Slope 1.029 0.234 0.123 0.903 
34 Intercept 0.801 0.189 4.812 <0.001 24:00 (h) 
34 Slope 0.91 0 0.474 0.639 

 

Due to instrument failure soil temperatures for the Shelter treatments were 

not recorded. In all of the without neighbour treatments air temperature 

measurements proved to be unreliable and are not shown here. 

 

Soil moisture 

 

There was little difference between the OTC and Shelter treatments, however 

both these treatments were drier, with regard to means, than the Control 

treatment (Figure 3.14).  
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Figure 3.14. Mean soil moisture in the three environmental treatments (given in mV of 
resistance where the higher the value, the lower the level of soil moisture). The error bars 
show standard error calculated from the means of the data. 
 

The differences in mean soil moisture due to the different environmental 

treatments were assessed using an ANOVA and the results are shown in 

Table 3.8. While the difference between the treatments is shown to 

significant, it should be noted that the variance is greater between the blocks. 

 

Table 3.8 Results of ANOVA showing the differences in soil moisture between treatments. 
Significant values are shown in bold. 
Source of variation d.f. s.s. m.s. v.r. P-value 
Block 7 624485 89212 11.95  
Treatment 2 128266 7467 8.59 <0.001 

 

 

Photosynthetically Active Radiation (PAR) 

 

Only two PAR meters were available for use with the logger, therefore only 

the Control and OTC treatments were logged. The cages used for the Control 

and Shelter environmental treatments were considered to cast the same level 

of shadow. The measurements were taken to determine whether there was 

any difference in PAR between the caged treatments and the OTCs. 
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Figure 3.15 Mean PAR levels recorded in the with-neighbours treatments within the OTC 
and Control environmental treatments. The red line shows the null hypothesis that there is 
no difference in temperature between OTC and Control treatments. The points circled were 
recorded between 12th May to 2nd June 2004 during a period clear weather. 
 

As is shown in Figure 3.15, the differences in PAR were small, and similar 

patterns were found across the day light hours. The slopes in all four charts 

are not significantly different from the null hypothesis (see Table 3.9), i.e. 

there was no significant difference in PAR between the OTCs and the caged 

treatments. 

 

The points in circled in Figure 3.15 were recorded in the first three weeks 

(12th May to 2nd June 2004) during a period of clear weather. Chart (d) in 

Figure 3.15 shows a seasonal trend with increasing PAR at midnight around 

the solstice. The reason for the negative values is unclear, it possible that it 

instrument error, however calibration test before and after show no errors. 

The lower PAR shown in Chart (a) at 06:00 hr show the effects of shadow 

due to the south westerly aspect of the site. 
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Table 3.9. The results of the regression analysis of mean PAR to determine if the differences 
observed in the charts shown in Figure 3.15 (above) are significant. The null hypothesis 
being tested is that the deviation is different from one (not zero, as is conventional). 
Significant values are shown in bold. 
Time (chart) d.f.  Coefficients Standard Error t Stat P-value 

46 Intercept 33.433 19.134 1.747 0.087 06:00 (a) 
46 Slope 0.832 0.07 2.415 0.02 
46 Intercept 38.723 20.879 1.855 0.07 12:00 (b) 
46 Slope 0.835 0.067 2.486 0.017 
46 Intercept 30.745 21.456 1.433 0.159 18:00 (c) 
46 Slope 0.847 0.07 2.19 0.034 
46 Intercept 22.147 16.883 1.312 0.196 24:00 (d) 
46 Slope 0.746 0.133 1.911 0.062 

 

3.4. Discussion 

 

There did not appear to be any support for the central hypothesis, i.e. that an 

increase in temperature changes the balance from facilitation to competition. 

While the different environmental treatments did not have a significant effect 

on the final above ground biomass of the target species, there were 

significant differences in some of the environmental variables measured. The 

only treatment that had significant effects on plant biomass was the with and 

without neighbours treatment. 

 

The environmental variables showed contrasting patterns in the Shelter and 

Control treatments compared with the OTCs. In the Shelters and Controls, 

higher wind speeds, mean air temperatures and soil moisture were observed, 

as well as lower mean soil temperatures. The Shelter treatments were 

intended to assist in separating the influences of temperature and wind 

speed. Abnormal weather conditions in the summer of 2004, i.e. the 

prevailing wind direction being south easterly (Figure 3.9), rather than the 

expected south westerly winds resulted in this not being testable with the 

data collected. 

 

A. alpina showed a statistically significant greater above ground biomass in 

all the with-neighbours treatments (Table 3.2) than in the without neighbours 

treatments. This suggests that facilitation is relatively more important than 

competition. This difference in biomass was seen across all environmental 

treatments (Figure 3.7a). The balance between competition and facilitation is 
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as strong in the OTC as in the Control treatments, although final biomass 

appears to be slightly lower in the OTCs than in the Controls. A 0.4°C 

difference in mean soil temperatures in the OTCs between the with and 

without neighbour treatments (Table 3.3) may have had some effect on the 

growth of A. alpina. This is discussed further below. 

 

In contrast to A. alpina, the results for C. bigelowii (Figure 3.xx7b) showed no 

evidence for facilitation or competition in any of the environmental 

treatments, and there was no significant difference in biomass between the 

with and without neighbours treatments. These results are in contrast to 

Brooker & van der Wal (2003), who took soil cores of arctic vegetation which 

they warmed in water baths of different temperatures, whilst maintaining the 

same ambient air temperature. Their results showed that raised soil 

temperature relative to air temperature increased the growth of sedges 

(including C. bigelowii) to a greater extent than non-graminoids. 

 

In a warming study similar to the current experiment, Gugerli & Bauert (2001) 

had comparable results using standard ITEX OTCs, finding that night time air 

temperatures were reduced and soil temperatures were increased. They 

reported small increases in above ground biomass of their target species 

Polygonum viviparum in their OTCs relative to the controls. While Gugerli & 

Bauert (2001) showed a slight (but not significant) increase in biomass in 

their OTCs, the biomass of A. alpina in the current experiment was slightly 

(but again not significantly) lower in the OTCs than in the controls. 

 

In contrast to other experiments (e.g. Brooker & van der Wal 2003, Gugerli & 

Bauert 2001), plants of both target species were individually transplanted (i.e. 

bare-rooted) into the experimental treatments, rather than using plants 

growing in situ or using soil cores. This may have had some effect on the 

difference in performance of the target species in this experiment. While C. 

bigelowii was planted with the new tiller entirely below ground (Figure 3.5), A. 

alpina was planted with the shoots of the rhizomes slightly exposed.  

As most alpine and arctic plants grow close to the ground, with the meristem 

below ground to avoid the extremes of temperature (Körner 1999), this 
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unintentional bias in the planting may have resulted in A. alpina in all without 

neighbours treatments being more exposed to the effects of air temperature 

than C. bigelowii. 

 

While no measured differences in air temperature between with and without 

neighbour treatments are available, due to difficulties in the measurements 

(Section 3.3.2), it is suggested here that the exposed meristems of A. alpina 

were subject to lower temperatures and greater temperature fluctuation in the 

without neighbour treatments. This may have resulted in their above ground 

biomass being lower, compared with the with neighbours treatment, where 

the plants would gain shelter from their neighbours (Figure 3.7a). 

 

Increases in soil temperature can lead to an increase in short term nutrient 

availability (Brooker & van der Wal 2003, Fitter et al. 1999). However it is 

unlikely that the difference in soil temperature of 0.4°C between the with and 

without neighbour treatments resulted in a great increase in nutrient 

availability, as the difference in soil temperature between the OTC and 

Control treatments did not produce an equivalent increase in above ground 

biomass. 

 

Effects of the environmental treatments 

 

As with any experimental simulation of climate, this warming experiment has 

its limitations. The measurement results of the individual environmental 

variables are discussed below. 

 

Wind 

 

Of all the data recorded for the environmental variables, as expected, the 

clearest difference between treatments was in the wind strength at ground 

level (Figure 3.8). There is also a clear difference in the mean wind speeds 

recorded at 1 m and those recorded at ground level. This is because there is 

greater turbulence due the surface roughness of the vegetation 

(Vangardingen & Grace 1991). The Control and OTC treatments are also 
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clearly significantly different, with there being far higher wind speeds 

recorded in the Controls. However the differences between the Control and 

Shelter treatments were far smaller, the error bars overlap and do not appear 

to be significantly different. The Shelter treatments were set up to provide 

shelter from the expected prevailing south westerly wind. However, during 

the period when logging was successful the predominant wind direction was 

from the south east. For this reason the data from the Shelter treatments 

were not analysed further.  

 

Temperature 

 

The OTCs showed a mean increase of 1.3°C in soil temperature compared 

with the control treatment, but there was also a decrease in mean air 

temperature of -0.8°C in the OTC and -0.3°C in the Shelter treatments (Table 

3.3). These decreases in mean air temperature were unexpected, as most 

studies using OTCs have reported an increase in air temperature (Kennedy 

1995a, Marion 1996, Henry & Molau 1997, Welker et al. 1997, Marion et al. 

1997, Totland & Nyléhn 1998, Walker et al. 1999, Hollister & Webber 2000, 

Richards et al. 2002, Kudo & Suzuki 2003, Sandvik et al. 2004). Although 

Gugerli & Bauert (2001) did report night time cooling, unlike the results 

reported in the current experiment, their overall mean temperature rise was 

1°C above their control. Interestingly, Walker et al. (1999), working on a long 

term (ongoing) project at two different sites, one arctic tundra and one alpine, 

have reported differences in the levels of warming in their OTCs, with slightly 

higher mean air temperature increases at the alpine site and greater diurnal 

variation. Soil temperatures within the OTCs at the two sites also show a 

difference, with increases recorded at the alpine site, but not at the arctic 

tundra site. This suggests latitudinal differences, with performance of the 

OTCs at the Glas Tulaichean site showing alpine rather than arctic 

characteristics. Another explanation for the differences in temperature would 

be differences in the instrument, however all instruments were cross 

calibrated before being used in the field, so this is less likely. 

 



103 

The greatest decreases in air temperature were recorded at night in the 

OTCs (Figure 3.10). The most likely reason for this would be that the OTCs 

formed frost pockets as cold air descended at night. Figure 3.10 does show 

day time warming particularly between mid day and mid afternoon (Charts (d) 

and (e) in Figure 3.10). The level of cooling at 03:00 hr and 06:00 hr is fairly 

constant over the recording period, as shown by the parallel lines in Charts 

(a) and (b) (Figure 3.10). Later in the day the lines tend to cross, suggesting 

a seasonal effect. Towards the solstice (21st June) there can be up to 18 

hours of daylight in this part of Scotland. The change in the temperature 

range in the evenings is due to the south westerly aspect of the site (Figure 

3.1), in the early hours of the day the site is in shade. This is an important 

factor in the night cooling observed in the OTCs (Figure 3.10). 

 

The night time cooling of the OTCs is possibly a way of investigating the 

predicted changes in diurnal temperature variation (Section 1.4.2. and Figure 

1.10), as it could be used as a proxy for the effects of increased diurnal 

temperature variation. If the diurnal temperature range increases as 

predicted, this coupled with the lapse rate, could lead to an increased risk of 

frost damage to plants, and could be a mechanism which limits the upward 

migration of plants from lower vegetation zones (Körner 1999, 2000). 

Currently the day time lapse-rate in Scotland generally reduces temperature 

by about 1°C per 100m and by about 0.4°C per 100m during the hours of 

darkness (Harrison 1997). Observations from the chamber experiment show 

that despite an increase in soil temperature and day time air temperature, the 

lower night time air temperature was enough to prevent an expected increase 

in growth by the target plants in the OTCs. 

 

The increase in soil temperature in the OTCs was far more in line with 

expectation, as such increases have also been reported by other studies 

(Kennedy 1995a, Welker et al. 1997, Totland & Nyléhn 1998, Walker et al. 

1999, Richardson et al. 2002, Kudo & Suzuki 2003). 

 

Soil Moisture 
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Soil moisture recorded within the OTCs was lower than in the Controls, as 

shown in Figure 3.14. While the ANOVA (Table 3.8) shows a statistically 

significant difference between the treatments, the variance is far larger 

between the blocks than between the treatments, so this result should be 

regarded with caution.  

 

In many studies measurements of soil moisture have not be reported, but it is 

likely that this is a common effect. Reductions in soil moisture within the 

OTCs, as occurred in the current study, have been reported in other studies 

(Kennedy 1995a, Henry & Molau 1997, Marion et al. 1997), but these 

reductions are not considered to be significant (Henry & Molau 1997, Marion 

et al. 1997).  

 

Other observations 

 

When dismantling the site, other plants within the OTCs were observed to 

have increased in size compared with those outwith the OTCs and inwith the 

caged treatments, similar to those reported be Gugerli & Bauert (2001) and 

Kudo & Suzuki (2003). Due to time restraints and adverse conditions no 

measurements were taken. 

 

3.5. Conclusions 

 

The environmental treatments did not cause large enough changes in 

environmental variables to change the balance from facilitation to 

competition. This may have been due to counteracting between 

environmental variables within the treatments, e.g. soil temperature 

increased and wind speed decreased, while air temperature decreased at the 

same time. 

 

The only significant change in above ground biomass was seen in the with 

and without neighbours treatment for A. alpina. It had been expected that a 

change would be seen in both target species. However this change is most 
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likely due to differences in planting, i.e. the meristems of all A. alpina plants 

were accidentally exposed. This is thought to have resulted in reduced 

biomass due to exposure to lower air temperatures in the without neighbours 

treatment, while the exposure of the meristems had less of an effect due to 

the shelter provided in the with neighbours treatment. 

 

This study may have been too short-term, given the slow growth rate of the 

plants, a longer term study would be more appropriate for investigating 

potential change from facilitation to competition. The effects of wind and 

temperature need to be isolated and tested, which is best done in the field, 

as the combined interactions maybe more important than either wind or 

temperature alone. There is also a need to investigate any changes in 

nutrient availability due to the effects of the environmental treatments in the 

field. 

 

The study was only done at one site in the eastern Highlands of Scotland. As 

the effects of continental vs. oceanic influences have not been investigated 

sufficiently yet, there would be value in repeating this style of experiment at 

several sites on an east west gradient. 
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Chapter 4: Discussion 

 

4.1. Potential changes in community structure due to migration and 

changes in competition under climate change 

 

If the increases in temperature predicted by climate change models occur, 

this could facilitate an upward altitudinal shift of vegetation zones by 100 to 

200m (Ellis 2004), as altitudinal zonation is partly temperature driven (Körner 

1999a,b,c). Given that plants are likely to migrate at different rates under a 

changing climate (Pauli et al. 1996), what are the likely effects of such 

migrations? One plant which is currently limited in its distribution by altitude is 

Calluna. As discussed in Chapter 2, it was unclear whether it is currently 

increasing its altitudinal range or declining/retreating. During this study, it was 

not possible to come to any firm conclusions about other plant species due to 

insufficient data. No evidence was found to support an upward shift of 

species from lower vegetation zones. 

 

Could the presence of Calluna in the sub alpine zone be a factor for 

determining the lower altitudinal boundary of the Scottish alpine zone? In 

Chapter 2 the diversity of vascular plant species was seen to increase with 

altitude as Calluna cover decreased. This suggests that the presence of 

Calluna could be a factor in the lower altitudinal distribution limits for some 

arctic alpine plants species in Scotland. Possible reasons for this could be 

the superior root competition by Calluna (Genney et al. 2000) or some form 

of allopathic interaction. This is an area which needs further investigation. If 

the growing space of arctic alpine plants is considered to be contracting, then 

control of Calluna at its upper margin may allow the downward migration of 

arctic alpine plants (Halloy & Mark 2003). 

 

Seed set in Calluna is known to be affected by climate (see Section 2.2.4), 

and yet there was lack of Calluna seed above 850 m in 2003. Given the 

warm conditions, 2003 should have been a good year for seed production, 
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even at higher altitudes (Miller & Cummins 2001). In the light of current 

climate change predictions (Chapter 1), which suggest warm dry summers 

like 2003 (at least in the east), an increase in Calluna seed shed may 

therefore not be enough to allow sufficient seed movement for upward 

migration of Calluna. Given the uncertainties in the current climatic 

predictions, it is also possible that wet summers such as 2002 may become 

more frequent. Extrapolating the results of Chapter 2 would predict a further 

reduction in Calluna seed shed under these conditions. 

 

If current Calluna seed rain is insufficient for an upward movement, what 

about recruitment from the seedbank? An increase in mean daily 

temperatures, as predicted, could lead to soil warming and therefore an 

increase in germination of Calluna from the seedbank (Cummins & Miller 

2002). However seedling survival may be reduced by the effects of predicted 

reduced snow cover leading to increased risk of frost and wind damage (see 

also Section 2.4.2). 

 

Chapter 3 suggests that an increase in mean soil temperature of 0.4°C is 

insufficient to cause a change from facilitation to competition at high altitudes. 

If Calluna is to successfully to establish at higher levels than where it is 

currently found at the sites surveyed, then seedlings emerging from the seed 

banks would be more successful if they were able to gain shelter from the 

existing vegetation (Bayfield 1996, Legg et al. 1992), i.e. establishing 

seedlings would need to be facilitated by the existing vegetation. 

 

4.2. The broader context  

 

This work has been based on the predictions of warming due to climate for 

Scotland. If, however, a major weakening or shut-down of the Gulf Stream 

occurred, temperatures may fall by up to 5°C over the following few decades 

(Hulme et al. 2002). This would potentially lead to a downward migration of 

vegetation due to much harsher conditions, and could lead to an increase of 

the area of arctic/alpine vegetation (Fosaa 2003, Fosaa et al. 2004).  
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Palaeoecological perspective 

 

Climate change is not a new phenomenon, from the palaeoecological 

perspective there have been global temperature rises in the Holocene (ca. 

11,000 years BP). 6,000 to 5,000 BP the climate was 4°C warmer than 

currently (Guisan et al. 1995), predicted warming over the next century is 

between +1°C and +4°C (Hulme et al. 2002). As Scotland is part of an island, 

the alpine vegetation that is now present in the Scottish Highlands must have 

survived this period. Fossil tree line evidence suggests that there was an 

upslope movement of no more that 150 m to 200 m above the present 

(Huntley et al. 1997). However palaeoecology can not tell us anything about 

the mechanisms which control the extent of this shifts. 

 

Other drivers  

 

Climate change is not the only driver of change in the alpine zone in the 

Scottish Highlands, other factors could have greater impacts. There have 

been major changes in grazing regimes (Hester et al. 1996, Welsh & Scott 

2000), as well as changes in ground level air pollution (Cannell et al. 1997, 

NEGTAP 2001). The combination of increased nitrogen deposition and 

grazing can have “dramatic” effects on mountain ecosystems (van der Wal et 

al. 2003). 

 

4.3. Possible improvements to work carried out and recommendations 
for further research 

 

If it was possible to repeat the seed dispersal study and vegetation survey in 

Chapter 2, the following changes and recommendations for further research 

are suggested: 

 

• More sites (transects), using some (or all) of the sites which Miller and 

Cummins (2003) used. One of the obvious changes for the seed 

dispersal study would be to increase the number of transects used, 
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either by increasing the number of transects at each site or by 

increasing the number of sites. Given the nature of access to the sites, 

increasing the number of transects may not be as easy as it sounds, 

as the transects used were all close to existing paths. The placing of a 

second transect at a suitable distance to make it independent of the 

first may be problematic due to the nature of the terrain. Gaining 

permission from landowners (particularly NTS) can be very time 

consuming, and may cause unexpected difficulties (year round 

limitations on access were imposed by NTS during the current 

experiment). 

 

• More extensive vegetation surveys to investigate the relationship of 

altitude and Calluna cover on vascular plant diversity. The increase in 

diversity with altitude was not expected and the current study was not 

designed to investigate it. A more detailed investigation would require 

more survey points, selected at random, to give a good cover of the 

vegetation types in the area at the given altitude. In the present 

survey, points were chosen on an OS map and subsequently located 

on the mountain with a GPS, so the vegetation type was not known in 

advance, and only one quadrat was surveyed. A further investigation 

could survey additional quadrats at randomly selected distances and 

angles from the initial survey point. 

 

• An investigation of the age structure of Calluna at its current altitudinal 

limit. This would be a relatively straightforward study to carry out. At 

selected sites an initial survey would be needed to determine the 

altitudinal limit of Calluna cover at that site. Although the exact nature 

of “altitudinal limit” could be open to interpretation, scattered individual 

plants may be found in sheltered locations which provide suitable 

micro-sites. A suggestion, for practical reasons, would be consider the 

upper limit as the area where Calluna covers less than 10% of the 

area due to altitude. A number of random quadrats would then be 

placed and e.g. ten short sections of Calluna stems nearest the 

ground (the five largest and five smallest) collected. This would be 
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repeated at a number of sites. The stems could then be aged by 

cutting thin sections and counting the annual growth rings. If all stems 

were of a young age, then this would indicate recent establishment. 

However if all the stems were of an old age, this would suggest that 

there has been no recent recruitment to the population and that 

Calluna may be retreating down slope. A mixed age structure would 

suggest an undisturbed population with a regular turnover of individual 

plants. 

 

If it were possible to repeat the environmental manipulation experiment 

described in Chapter 3, the following changes and additions would be 

recommended (limiting factors in brackets): 

 

• it would be better if the target plants were already growing in situ and 

not transplanted in. This would avoid the problems of causing 

unnecessary disturbance to the plants, which could cause a check to 

growth and avoid accidental planting at the wrong depth (design)  

 

• use of full sized ITEX OTCs. This would allow more space for finding 

suitable target plants in situ and allow better comparisons with other 

experiments (design & resources) 

 

• carrying out the experiment over a longer time scale. This would allow 

a greater number of growing seasons and may give clearer and more 

robust results. It would also better allow for the effects of interannual 

variation of weather to be taken into account (design & resource) 

 

• there is a need for the measurement of the environmental variables 

from the start of the experiment and to have sufficient suitable 

instruments available for replication of measurements between units 

(resource) 
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• to investigate the effects of oceanicity. It would be useful to have two 

or more sites on a west-east transect, sites would need to be 

controlled for altitude and aspect (resource) 

 

• to further investigate the effects of diurnal temperature variation and 

lapse-rate by having two replicated sites at different altitudes on the 

same mountain, and to investigate if there are differences in the 

strength of plant interactions between the two altitudes. At what 

altitude does facilitation become more important than competition, 

what are the drivers, is temperature or wind strength more important? 

(resource) 

 

1960’s restoration of ski pistes, an inadvertent experiment in vegetation 

migration?  

 

While the following does not derive directly from the work done during this 

project, it has come to mind during the writing of this thesis: 

 

Re-seeding of the bulldozed ski pistes on Cairngorm with seeds of grass 

species not currently found at that altitude could give an opportunity to 

investigate the possibility of upward migration. Bayfield (1996) states that the 

level of cover of these species had been declining over time, but at the time 

of the last published survey (1992) this rate of decline had slowed. Further 

work should be carried out to find out if this decline in cover has continued or 

if it has stopped. Could this be an example of a plant species being moved to 

a higher altitude than it previously existed? If so, this would give an 

opportunity to investigate the drivers involved. In order for a species to 

migrate and establish at higher altitudes, the species must be able to persist 

in the range of environmental conditions there, including changes such as 

increases in wind speed (Beerling & Woodward 1994, Woodward 1993). 
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4.4. Implications of habitat conservation and management 

 

The alpine zone in Scotland remains important in conservation terms and 

should continue to be protected. In order to detect changes in the boundaries 

of ecotones, it is necessary to have sufficient baseline data to allow long term 

monitoring to take place. The importance of good historical records has been 

shown by the changes detected by Grabherr et al. (1994) and the scarcity of 

other studies being able to take the same approach. It is therefore 

recommended that surveyors collecting species data are encouraged to 

provide copies of their data to biological record centres, so that they are 

available as a future resource.  

 

4.5. Conclusions 

 

No evidence was found for a significant upward movement of seed. Calluna 

seed has been found in the seedbank at higher altitudes than the surface 

vegetation. However this is unlikely to lead to Calluna colonising the alpine 

zone under the currently predicted levels of climate change. While the size of 

the Calluna seedbank has not changed significantly, the level of Calluna 

seed rain does appear to be declining. The results of the experiment on the 

balance between competition and facilitation were inconclusive. 

Unfortunately it was also not possible to determine the relative importance of 

temperature and wind as an ecological factor in the Scottish alpine zone. 

 

It is concluded that mountain vegetation zones in Scotland will not move as 

whole, rather that there may be migrations of individual plant species. These 

migrations could have unexpected consequences and may be in directions 

different to expectation. Changes in zonation of plant communities are 

unlikely to be driven by temperature alone, however the currently employed 

modelling approaches are not sensitive to other factors. There is a need for 

more field data to understand how changes in climate will affect the 

distribution of alpine arctic vegetation, before more reliable models can be 

developed. 
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Appendix 1: Botanical Surveys of the four sites. 
 
The vegetation survey at all sites was carried out between the 23rd June and 
6th August 2003 (see Chapter 2 section 2.2.4), plant nomenclature follows 
Stace (1997). 
 

Glas Maol: Botanical survey of seed trapping stations, 24/6/03, species 
composition in 4 x 4m plot. 

 
700m 
Species % Cover Comments 
Calluna vulgaris 50  
Nardus stricta 10  
Carex panicea 3  
Anthoxanthum odoratum 2  
Deschampsia cespitosa 2  
Carex pulicaris 1  
Empetrum nigrum 1  
Eriophorum vaginatum 1  
Juncus bufonius 1  
Juncus squarrosus 1  
Agrostis canina <1  
Agrostis capillaris <1  
Alchemilla alpina <1  
Alchemilla mollis <1  
Anemone nemorosa <1  
Campanula rotundifolia <1  
Deschampsia flexuosa <1  
Festuca vivipara <1  
Galium saxatile <1  
Leontodon sp. <1  
Listera cordata <1  
Luzula sp. <1  
Pinguicula vulgaris <1  
Polygonum viviparum <1  
Potentilla erecta <1  
Succisa pratensis <1  
Thalictrum alpinum <1  
Vaccinium myrtillus <1  
Vaccinium vitis-idaea  <1  
Viola riviniana <1  
 3 Rock 
 3 Bare ground 
 15 Moss cover 
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Glas Maol 
750m 
Species %Cover Comments 
Calluna vulgaris 85  
Vaccinium myrtillus 5  
Rubus chamaemorus 2  
Vaccinium vitis-idaea 2  
Deschampsia flexuosa 1  
Eriophorum angustifolium 1  
Juncus squarrosus 1  
Scirpus cespitosus 1  
Carex sp. <1  
Empetrum nigrum <1  
Melampyrum pratense <1  
 5 mosses 
 
800m 
Species % Cover Comments 
Calluna vulgaris 50  
Empetrum nigrum 10  
Vaccinium myrtillus 10  
Carex bigelowii 3  
Deschampsia flexuosa 2  
Juncus squarrosus 1  
Nardus stricta 1  
Vaccinium vitis-idaea 1  
 20 Mosses 
 3 Bare ground 
 2 Rock 
 
850m 
Species % Cover Comments 
Calluna vulgaris 75  
Vaccinium myrtillus 7  
Empetrum nigrum 4  
Alchemilla alpina 1  
Carex bigelowii 1  
Carex pilulifera 1  
Deschampsia flexuosa 1  
Festuca ovina 1  
Diphasiatrum alpinum <1  
Galium saxatile <1  
Nardus stricta <1  
Vaccinium vitis-idaea <1  
 1 Rock 
 2 Bare ground 
 15 Moss / Lichen 
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900m 
Species % Cover Comments 
Vaccinium myrtillus 45  
Nardus stricta 25  
Carex bigelowii 20  
Deschampsia flexuosa 2  
Galium saxatile 1  
Agrostis capillaris <1  
Luzula multiflora <1  
Melampyrum pratense <1  
 7 Moss 
 
950m 
Species % Cover Comments 
Vaccinium myrtillus 20  
Festuca vivipara 15  
Alchemilla alpina 10  
Carex bigelowii 10  
Deschampsia flexuosa 2  
Galium saxatile 2  
Nardus stricta 1  
Rumex acetosa 1  
Carex pilulifera <1  
Cerastium fontanum <1  
Deschampsia flexuosa <1  
Salix herbacea <1  
Vaccinium vitis-idaea <1  
 20 Moss 
 15 Bare ground 
 5 Rock 
 
1000m 
Species % Cover Comments 
Salix herbacea 15  
Carex bigelowii 10  
Deschampsia flexuosa 10  
Vaccinium myrtillus 10  
Agrostis capillaris 5  
Festuca vivipara 5  
Galium saxatile 5  
Alchemilla alpina <1  
Anthoxanthum odoratum <1  
Carex pilulifera <1  
Gnaphalium supinum <1  
Huperzia selago <1  
Nardus stricta <1  
 20 Moss 
 10 Bare ground 
 10 Rock 
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Beinn a’ Bhuird: Botanical survey of seed trapping stations, 26/6/03, 
species composition in 4 x 4m plot. 

 
700m 
Species % Cover Comments 
Calluna vulgaris 100 
Scirpus cespitosus <1 
Rubus chamaemorus <1 

Seed trapping station missing 
but likely main species. 
 

Eriophorum Sp.  <1  
 
750m 
Species % Cover Comments 
Calluna vulgaris 95  
Scirpus cespitosa 1  
Vaccinium myrtillus 1  
Carex bigelowii <1  
Carex panicea <1  
Empetrum nigrum <1  
Huperzia selago <1  
 3 Lichens 
 
800m 
Species % Cover Comments 
Calluna vulgaris 80  
Carex pilulifera 3  
Carex panicea <1  
Diphasiatrum alpinum <1  
Huperzia selago <1  
Juncus trifidus <1  
Scirpus cespitosa <1  
Vaccinium myrtillus <1  
Vaccinium vitis-idaea <1  
 9 Lichens 
 4 Rock 
 4 Bare ground 
 
850m 
Species % Cover Comments 
Calluna vulgaris 45  
Empetrum nigrum 25  
Vaccinium myrtillus 5  
Carex bigelowii 1  
Carex pilulifera 1  
Deschampsia flexuosa <1  
Festuca vivipara <1  
Vaccinium vitis-idaea <1  
 15 Lichen / Moss 
 8 Rock 
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Beinn a’ Bhuird 
900m 
Species % Cover Comments 
Calluna vulgaris 84  
Carex pilulifera 5  
Juncus trifidus 1  
Carex bigelowii <1  
Diphasiatrum alpinum <1  
Huperzia selago <1  
Scirpus cespitosa <1  
 5 Rock 
 5 Bare ground 
 
950m 
Species % Cover Comments 
Empetrum nigrum 35  
Calluna vulgaris 15  
Vaccinium myrtillus 10  
Diphasiatrum alpinum 7  
Juncus trifidus 4  
Carex bigelowii 3  
Deschampsia flexuosa <1  
 30 Lichens 
 
1000m 
Species % Cover Comments 
Vaccinium myrtillus 42  
Juncus trifidus 10  
Carex bigelowii 2  
Salix herbacea 2  
Carex pilulifera <1  
Deschampsia flexuosa <1  
Diphasiatrum alpinum <1  
Empetrum nigrum <1  
Huperzia selago <1  
 43 Lichens 
 3 Bare ground 
 1 Rock 
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Derry Cairngorm: Botanical survey of seed trapping stations, 27/6/03, 
species composition in 4 x 4m plot. 

 
700m 
Species % Cover Comments 
Calluna vulgaris 85  
Scirpus cespitosa 5  
Arctostaphylos uva-ursi <1  
Carex panicea <1  
Erica tetralix <1  
 10 Lichens 
 5 Rock 
 
750m 
Species % Cover Comments 
Calluna vulgaris 60  
Arctostaphylos uva-ursi 15  
Carex pilulifera <1  
Pinus sylvestris <1  
 11 Lichens 
 10 Rock 
 4 Bare ground 
 
800m 
Species % Cover Comments 
Calluna vulgaris 90  
Carex pilulifera 5  
Carex bigelowii <1  
Huperzia selago <1  
 5 Lichens 
 <1 Bare ground 
 
850m 
Species % Cover Comments 
Calluna vulgaris 93  
Carex pilulifera 1  
Lycopodium annotinum 1  
Scirpus cespitosa 1  
Carex bigelowii <1  
Huperzia selago <1  
 2 Rock 
 1 Bare ground 
 1 Lichen 
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Derry Cairngorm 
900m 
Species % Cover Comments 
Empetrum nigrum 15 Bolder field 
Calluna vulgaris 5  
Vaccinium myrtillus 2  
Carex pilulifera 1  
Carex bigelowii <1  
Deschampsia flexuosa <1  
Huperzia selago <1  
Juncus trifidus <1  
 65 Rock 
 5 Bare ground 
 2 Lichens 
 1 Moss 
 
950m 
Species % Cover Comments 
Nardus stricta 71 Snow bed 
Calluna vulgaris 10  
Scirpus cespitosa 10  
Empetrum nigrum 5  
Deschampsia flexuosa 1  
Potentilla erecta 1  
Vaccinium myrtillus 1  
Vaccinium uliginosum 1  
Agrostis capillaris <1  
Campanula rotundifolia <1  
Carex bigelowii <1  
Carex panicea <1  
Deschampsia cespitosa <1  
Diphasiatrum alpinum <1  
Huperzia selago <1  
Loiseleuria procumbens <1  
Vaccinium vitis-idaea <1  
Viola riviniana <1  
 <1 Mosses 
 <1 Lichens 
 
1000m 
Species % Cover Comments 
Nardus stricta 50 Snow bed 
Vaccinium uliginosum 20  
Empetrum nigrum 10  
Scirpus cespitosa 10  
Vaccinium myrtillus 10  
Carex bigelowii 2  
Carex pilulifera <1  
Deschampsia flexuosa <1  
Diphasiatrum alpinum <1  
Huperzia  <1  
Potentilla erecta <1  
Solidago virgaurea <1  
Vaccinium vitis-idaea <1  
 <1 Lichens 
 <1 Moss 
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Glas Tulaichean: Botanical survey of seed trapping stations, 6/8/03, 
species composition in 4 x 4m plot. 

 
700m 
Species % Cover Comments 
Calluna vulgaris 100  
Vaccinium myrtillus 1  
Deschampsia flexuosa <1  
Festuca ovina <1  
Juncus squarrosus <1  
Vaccinium vitis-idaea <1  
 3 Moss 
 
750m 
Species % Comments 
Calluna vulgaris 100  
Vaccinium myrtillus 1  
Carex bigelowii <1  
Deschampsia flexuosa <1  
 <1 Lichen 
 
800m 
Species % Cover Comments 
Calluna vulgaris 85  
Empetrum nigrum 10  
Carex bigelowii <1  
Deschampsia flexuosa <1  
Juncus trifidus <1  
Scirpus cespitosus <1  
Vaccinium myrtillus <1  
 4 Bare ground 
 1 Lichen 
 <1 Moss 
 
850m 
Species % Cover Comments 
Calluna vulgaris 83  
Empetrum nigrum 10  
Vaccinium myrtillus 1  
Carex bigelowii <1  
Carex pilulifera <1  
Deschampsia flexuosa <1  
Festuca ovina <1  
Vaccinium vitis-idaea <1  
 2 Lichens 
 2 Rock 
 1 Bare ground 
 <1 Moss 
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Glas Tulaichean 
900m 
Species % Cover Comments 
Calluna vulgaris 57  
Empetrum nigrum 25  
Carex bigelowii 3  
Vaccinium myrtillus 1  
Vaccinium vitis-idaea 1  
Huperzia selago <1  
Carex pilulifera <1  
Festuca ovina <1  
 7 Lichen 
 5 Bare ground 
 
950m 
Species % Cover Comments 
Empetrum nigrum 35  
Deschampsia flexuosa 20  
Festuca ovina 20  
Nardus stricta 7  
Vaccinium vitis-idaea 4  
Carex bigelowii 4  
Vaccinium myrtillus 3  
Diphasiatrum alpinum 3  
Juncus trifidus 2  
Alchemilla alpina <1  
Carex pilulifera <1  
Galium saxatile <1  
Loiseleuria procumbens <1  
 2 Lichens 
 <1 Moss 
 
1000m 
Species % Cover Comments 
Festuca ovina / vivipara 33  
Carex bigelowii 15  
Vaccinium vitis-idaea 15  
Empetrum nigrum 8  
Deschampsia flexuosa 5  
Vaccinium myrtillus 3  
Juncus trifidus 1  
Diphasiatrum alpinum <1  
Galium saxatile <1  
 10 Moss 
 10 Lichen 
 


