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ABSTRACT

Track and footpath conditions were investigated
on the Aberffraw sand dunes, Anglesey. Soil bulk
density and penetration resistance were related to
the number of passages by cars or walkers and was
increased on tracks and footpaths; compaction was
examined to 50 cm depth. Trampling increased soil
moisture in dry eareas and compaction per se »as probab-
ly beneficial to plants.

Vegetation was shown by multivariate analysis
to be related to the soil parameters., Light trampling
favoured dicotyledonous species but they were later
eliminated and monocotyledonous species survived with
a reduction in biomess and species number, Track
.§§3§é¥3596 indices were calcula’ted for the cormon
species and survival strétegies considered; tillering
capacity may be more important than protected meristems,.

Tramnpling and wear by vehicles was applied to
undamaged vegetation and the effect measured befors
and after recovery. Intensity wes found to be more
important than the effect of frequency. 1820 walkers
or 200 vehicles reduced cover to 50% in the summer;
vehicles were nore destructive in winter. ZPhysical
carrying caracity was calculated and relative vulnere-

bility of various habitats was estimated from data of



(ii)
other workere,

Soils were found to decompress when traffic
was removed but vegetation initially inhibited the
process, Tillage, seeding and the effects of ferti-
liéer on vegetation regeneration were studiedy the
first inhibiting and the latter two treatments
accelerating the process., Turves in greenhoise
conditions were used to predict the results, The
desirable end point was considered from the munage-
ment point cf view.

The effect of a track on the microclimate was
studied with emphasis on thermal characteristics:
vegetation removal had a greater effect than soil
compaction. The effect on plants in relation to
their distribution anld morphology was discussed,

Models describing the ecological changes caused
by trampling and the physical cerrying cepacity of

sand dune pasture were constructed.
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INTRODUCTION
Three million years ago the 0lduvl cave-dweliers
" (Le Gros Clsrk 196%) probably used the home centre
reference system and may have retraced familiar rcutes
end hence created paths (Gatty 1953). From Britain
there is evidence of pathways made 4,860 years ago

(Coles & Hibbert 1968). In general, increases in

human trampling must be correlated with increases in
the size and mobility of populations (Hippisley-Cox

1934, Watkins 1933), although the surfecing of roads
end tracis will have lsd to a reduction in the tramp-

ling of vegetation, espscially towards the end of the

industrial revolution. Recently great increases in

leisure time, private vehicle ownership and populztion
have led to ‘'aesthetic and even physicel erosion cof

resources' for recreation (Fatnore 1970).
theref

There is,
ore, a need for +he study of tae impact of outdoor
recreation on the semi-natural environmenth(Burdon &
Renderson 1972), especially in sand dune areas (Ranwell
1969, 1972), Beattie (19567), Richerds (197D) end
Westhoff (1967).

In an early qualitative study which included
the flora of footpaths Jeffreys (1917) noted that paths
were usually lower and consequently wetter than the

surrounding vegetation, the path species being less
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xeromorphic. Brittle-stemmed species such os Pteridiun
aquilinum were excluded from the path flora but small

forms of Festuca rubra and Asrostis tenuis were present,

The association betwsen animal trempling and fertility
ncted by Thompson (1858) was used by Jeffreys (1917) to
account for the presence on paths of Poa annua and

Tolium perenne. Although Shantz (1917) published an

account of the regeneration of vegetation on ahandoned
rozds and Meinecke (1928) carried out an investigation
into the effects of trampling on root branching and root-
let production by Redwoods, it was Bates (1934, 1935)

who began the systematic study of the effects of
trampling.

Using quantitative methods of measuring vege-
tation and soils, Bates (1935) pointed out that treading
hed both direct mechanical effects cn the vegetation
and indirect effects through soil changes; he examined
the possibility of different strategies involving either
quick colonisation and comgplete life cycle during a
perind of low disturbance or vegetative survival of
perennials under trampling stress; he set up trampling
experiments although he did not record the precise amount
of wear applied to the plants, and arpsrently he was the
first to record the process of path formation.

From this pioneer work it is possible to
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segregnte soveral nepoots of trampling and although
they are interrelated they are worthy of individual
atten¥ion as main effects. '

Trampling agencies cén_be divided into three
categories on thé basis of the mechanisms of damage.
They are animal trampling (this is usually associated
with grazing effects sxcept in the work of D.B. Edmond),
humen trempling and the effect of vehigies. Spedding
(1971) stated that enimals cause danage beceuse of the
hooves' sherp cutting edges and a ground pressure which
may be es high as 1,600 g.cmfz. Bates (1936) noted
that the humen fool hes a twisting action which imposes
-horizontal as well as vertiéﬁl fofces cn the plants;
the vertical forces are ca 1,971 g.em™2 (Lull 1959).
Harper et &l (1961)'found a mean verticél pressure of
1,478 g.cm~2 and the mean horizontal forces were 21%
of the tody weight in straight walking and up to 32%
when turning. .

The vertical pressures under tractorg can be as
high as 3,520 g.cn~2,  Cohron(1971) and Reaves & Cooper
(1960) have recorded stresses imposed by vekicles to a
depth of 113*cm below the soil surface. The horizontal
forces of powered vehicles can also cause considerable
damage to plants. i

Bates (1934) noted that trampling reduced the
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leaf sizo of Trifolium repens which in turn reduced

root growth which then became limiting. He considered
that changes in vegetation were due to the mechanical
effects of treading and the puddling of the soil and,
that under dry condifions, treading alone produced
little change (Bates 1935). Later Bates (1938) argued
that the life form of the plant is of primary importance
in the survival of path species. This was also the
opinion of Gillham (1956) when ‘she stated that tramp-
ling was more likelj to affect taller plants because of
the vulnerability of the meristematic zones, Pearce &
Gillmore (1949) found that trampling damaged the leaves

of Endymion nonscriptus and they attributed the death

of plants to the loss of photosynthetic organs, a view
also held by Edmond (1966) who considered burial of
leaves an importent factor. Gillham (1956) suggested
. that qechanical damdge by trampling increased the trans-
piration rate causing desiccation and poésibly death.
Trampling alters the dynamic balance between
species in-'a natural community. Bates (1935) believed
that trampling had no bYeneficiel action and GiJlham
(1956) extended this view and suggested that the mechen-
iém of iegetation change operates through & process of
selective suppression and that species that thrive under

trampling simply take advantage of the removal of
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competitors. .Howaver, Devies (1938) contended that
treading was directly advantageous to some species and
Edmond (1958) reported increases in dry weighf, tiller
number and leaf number of Lolium perenne grown in com-
pacted soils, Bayfield (1971) recordedikgg;;ases-ef
thege parameters in Phleum pratense in response to low

levels of artificial trampling.

Trampling usually occurs in the form of a gradient
of intensity and many relatively rare species are asso-
ciated with the low intensity regions (Westhoff 1967).
Van der Maarel (1971) has argued thet intermediate levsls
of trampling increase diversity in a species rich area
and decrease it in a poor one, but that the sudden
introduction of trampling will at first decrease diver-
sity in any area.

The soil change most commonly found as a result
of trampling is an increase of bulk density which is
the result of s reduction in pore space. Recorded
increases in bulk density include 0.37 g.cm“3 in trampl-
ed sands (Lutz 1945); 0.33 g.cmf§ in a chalk grassland
soil (Chappell et 21 1971) end 0,68 g.cm73 to a maximum
bulk density of 2.05 g.cm™> in a gravelly sandy loam
(Dotzenko et al 1967). Arndt & Rose (1966) found en
increase of 0,22 g.cmf3 after six passages of a tractor

on an agricultural soil.
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Jeffreys (1917) and Bates (1935) both stated
that footpaths were a moister hebitat than the surrounds
although Gupta (1933) contended that consolidation did
not greatly affect the water holding capacity of soil.
Lutz (1945) reported an increase of 8.9% (volumetric)
in the field capacity of a trampled s;ndy soil, and
Burdén (1970) found an increase in the proportion of
water filled pores in recently compacted soil. Under
low rainfall conditions trampling can create water
shar tage (Thomas 1960). Dotzenke et al (1967), working
with relatively dry soils (below 16% gravimetric), found
a negative correlation between moisture content and bulk
density. Chappell et 8l (1971) end Goldsmith et el
(197D) both found negative correlations with increased
wear, the former giving gravimetric estimations., A
ﬁossible cause of the differences between these studies
may be the fact that water will be squeezed out of a
very wet soil, Compaction reduces the amount of water
at high moisture levels and increases it volumetrically
when the level is low (Warkentin 1971); this may
increase the availability of water to plants (Jaméson
1953). The difference between gravimetric and volumetric
measurement of water contents should also be noted.

There has apparently been very little work on

the changes in gas relations of trampled soils although
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Bates (1935) attached great importance to the puddling
of soils which may inhibit gas exchange and =Zdmond (1957)
noted gleying of trampled soil, suggesting an oxygen
shortage. However, work in the agrioultural context

has shown that smaller pore size will reduce air mass
flow end diffusion and that,below a porosity of about
lO%,&xygen content of soil air is reduced (Grable &
Siemer 196€8).

Bates (1935) commented that greater density has
an effect on soil temperature and Chappell et al (1971)
found that the exposed soil froze to a depth of 4 com
but it was not frozen under deeper vegaetation. Specific
heat is increased by compaction unless water is expelled;
conductivity increases with increasing water up to 12%
or 16% (volume) and then decreases (Lowsry 1970).
Thermal diffusivity dépends on the ratio of corductivity
to specific heat, but in dry ;oils it increases with
increasing compaction (Willis & Raney 1971) and as a
result temperature fluctuations increase.

Jeffreys (1917) and Davies (1938) both suggested
that a greater autrient supply was likely to be avail-
able from menure on animal paths and Streeter (1971)
found increases in nitrogen and phosphorus correlated
with reduced pore space in a recreation area. Compaction

can lower the mass flow and the diffusion of nutrients
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in soil water (Eemperer et 2l 1971) end the mineralisa-

tion of organic matter may be reduced by lower soil

oxygen (Whisler et al 1965). Soil penetration resis-

tance rises with compaction but is reduced by increasing

water content (Chancellor 1971). The American Society

of Agricultural Zngineers (1971) have produced an

excellent monograph on the 'Compaction of Agricultural

Soils' which covers this topic in greater detail,

Soil compaction affects plants differently at

different stages of their life cycle. Aeration, light,

water content and movement, availability of nutrients

and soil temperatures may all affect germination (Mayer

& Poljakoff-iMayber 1963). The effects may depend on

whether the seed is =sbove or below the so0il surface.

Germination may, thereifore, be inhibited or assisted by

soll compaction. Seedling establishment is probably

‘more difficult in compacted goil as a result of reduced

mass flow of water, lower oxygen tension in the root

zone and increased soil strength. Higher water content

will, however, aid root penetration and lower the extreme

temperatures at the soil surface (Trouse 1971). Arndst

(1965) showed that plants with epigeal cotyledons had to
push out a larger cone of compacted soil than monocotyle-

dons and this may have a significant effect on path

flora, As the size of the plant increases the mass flow
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of water and the availability of nutrients and oxygen
may become more important. Zdmond (1958) found that
puddling inhibited growth of short rotation rye grass,
whereas compaction alone stimulated production.

There would appear to be two major strategies
for the survival of species on paths, The first is that
of a short life cycle; +these species germinate, estab-
lish, grow, flower and set seed at a time when conditions
are relatively favourable. Bates (1935) included

Polygonum aviculare, Matricaria mztricarioides, Coronopus

squamatus and Poa annua in this group. The other major
strategy depends on en intrinsic resistance to the

effects of trampling. In this jroup are Foa pratensis

and Rumex obtusifolius (Bates 1935), Poa annua when it

behaves as a perennial (Davies 1938), Lolium perenne

and Trifolium repens (Zdmond 1964), and unsye cified
Aerostis and Juncus (LePage 1967). Trifolium repens,
however, is probably a member of the first group
invading by vegetative means rather than by seed
(Bates 1935).

The study of plants on existing pathways must
take into account the effects of both mechanical damage
and changed soil cheracteristics., A reduced vegetation
biomass has been reported from e trampled area (Rander-

son 1969) and a negative correlation exists between
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vegetation height and wear (Goldsmith ef al 1970);
LaPage (1967) reported that surviving species were
usually small. Both Bates (1935) and Jeffreys {(1917)
noted that smaller forms of species tended to occur on
pathways and Lock (1972) found that tussock forming
grasses are favoured by grazing and trampling of hippo-
potamuses, Conduplicate or dissected leaves are resis-
tant to trampling (Bates 193%5); Bates (1935) and
Edmond (1962) both consider that deep rooting is also
an advantage.

Succulence is a characteristic that makes plants
vulﬁqrgbié to damage by trampling (Gillham 1956) and
~high levels of soil nitrogen can increase the succulence

of Lolium perenne causing it to be more readily damaged

by trampling (Schothorst 1965). Edmond (1962) found
that greater damage was caused by trampling in wet
conditions and Wagar (1965) observed that camp grounds
were more vulnerable to damage if they had been watered
Just before use; wet tundra sites are also more readily
damaged than dry areas (Bellamy et al 1971).

The position of a path may move laterally over a
period of time (Bates 1951, : Thomas 1959); +tnis may
be the result of the 0ld route becoming impossible
(Bayfield 1971a), of being 'lost' under a snow covering
(Bates 1951), of gradual solufluction under the trampling
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pressure (Thomas 1959) or of the avoidance of an
obstacle such as badly designed steps (Huxley 1970).
This may alter a plent's position on the path and con-
sequently an 'edge' species may exist for a short period
in an area subject to high levels of wear and it could
be mistaken for s resistant species. .
Although Bates (1935) carried out trampling
experiments he did rnot report the level of trampling
or the quantity of plants damaged or surviﬁimg the
treatment. Bayfield (1971la) trampled a Calluna-

Trichophorum heath at 650 m above sea level in the

Cairngorm, Scotland and found that 240 passages created
about 19% bare ground and caused consideratle damage to
the vegetation, especially to Sphagnum of which 66% was
damaged, Morrish & Harrison (1948) carried out a similar
experiment with vehicles on plots of sown grasses and
clovers; 200 passages with a 1,523 kg car produced an
increase of 59% in the area of bare ground. On Canadian
tundra a 3,864 kg tracked vehicle could produce 100%
damage after 20 passages (Pellemy et al 1971). =dmond
(1958, 1962, 1966) carried out trempling trials with
sheep and Bayfield (1971a) and Wagar (1964) have
experimented with an artificial trampler to standardise
the wear applied, while Cieslinski & Wagar (1970) used

a corrugated roller, but unfortunately none of these
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fully reproduces the ection of human feet.

A study of the regeneration of tramrled vegeta-
tion was carried out by Shantz (1917) on abandoned roads
in Colorado. He found that annuals such as Polygonum
aviculare were the first colonisers, being replaced later
by perennial species. Bayfield (1971la) found that his
experimentally trampled ereas regained neerly full cover
in three years, al though Sphagnum and liéhena were still
in a damaged condition. LaPage (1967) found thet the
cover of a site newly exposed to trampling was reduced
to 55% but as more resistant species spread the cover
increased to ca 70% at the end of the third year of use.

Studies of positive management of arsas of
'netural vegetation' subjected to trampling have been
reported from American camping sites. Wagar (1965)
found that fertilisers had a most bensficial effect on
ground cover and that watering aided the'establishment
of grasses. Herrington & Beardsley (1970), taking a mors
agricultural approach, sowed a seed mixture and used
water and fertiliser as treatments. There was a pcsitive
interaction giving best cover when all treatments were
combined. The importance of water may be related to the )
low annual rainfall (37 cm) and dry summers experienced
at the experimental site. Rehabilitation of the com-

pacted soil by the addition of organic matter, tillage
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or rotation was suggested by Lutz (1945). ILull (1959)
has reviewed the crops, including mustard,alfalfa, sweet

clover, sericea (Lespedeza cuneata), deap rooted legumes

and perennial grasses, that have been used to reduce
s0il compaction. Even explosives have been used in
special cases. DBayfield (1971b) used a mixture of
perennial and ennual grasses with fertiliser and a soil
stabiliser as a nurse crop in the Cairngorm to prevent
erosion during the slow recovery of natural vegetation.

The research needs for management of recreation
areas have been defined by Brotherton (1972) as the
identification of ecological change resulting from the
interaction between the way an ecosystem is used and the
management methods employed, the development of rapid
survey systems for assessing the biological interest
of sitee, the development of techniques to increase
vegetation resistance and recovery from trampling,
inéluding the selection of trampling resistant strains,
and the management of surrounding areas of vegetation
not subject to the direct effect of visitors.

Burden & Randerson (1972), in reviewing the
approaches to the study of human trampling, have classi-
fied them as either experimental or analytical. Experi-
mental studies can be either long term or short term.

Analytical studies involve the study of an erea already
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trampled with the estimation of wear from the condition
‘of +the vegetation or soils, Speight (1973) has given a
wide ranging reference list in his roview of the ecolo-
gical effects of recreation.

This thesis is presented in the form of five
separate papers and a final conclusion. The firsttwo
papers contain a survey of selected trampled arees of a
sand dune system. Similar guantitative surveys of thse
effects of trampling on vegetation and soils have been
made on chalk grassland (Streeter 1971, Chappell et al,
1971, and Ferring 1967), and coastal heath (Goldsmith
et al 1970). Sand dune areas are relatively uanstable
habitats; being aesthetically pleasing and situated on
the coast they are sﬁbject to increasing recreation
pressures; therefore, management data are wrgently
required, The soils also have the advantage that they
are not affected by puddling and compaction effects may
be more readily understood.

Paper three is an account of an experiment where
kmown levels of wear are achieved by walking and driving
vehicles for short periods of timej +the effects of wear
and the rate of recovery of the vegetation and soils were
measured, Ey applying wéar to previouvsly untrodden vege-
tation it is possible to identify which members of the

'‘natural' flora are trampling resistant and, from the
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recovery data, which species ocour on paths by virtue
of their éuick colonising ability. In this paper a
model that defines the phyeical carrying capacity of
the sand dune pasture is presented and the Trelative
vulnerability of some different habitats is also
discussed,

Paper four is a record of a study of the effective-
ness of various management techniques for vegetation
recovery in the sand dune habitat, some of which were
tried by Wagar (1965) and Hérrington & Beardsley (1970).
.This work was also carried out with the increasing
pressure of recreationalists on this habitat in mind.
The aim of management for this type of use involves an
attempt to cater for the aesthetic requirements of people
visiting these areas snd for this reason ecological
measures such as species richness and diversity are used
es a means by which to assess the effectiveness of the
regeneration treatments. This work also allows further
study of some of the colonising strategists on paths
and tracks.

_ In paper five the microclimetes of some paths
and‘tracks are reported, TFrevious authors (e.g. Bates
1935, Chappsll et al 1971) have commented on the'micro-
climatic effects of path creation but apparently no work

has been carried out in the track situation.
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The conclusion is ian two parts, an ecological
discussion of the various investigations and section
devoted to the management implications of this work.
Since each paper has its own introduction no attempt
has been made to provide a complete literature review
in this general introduction.

Throughout this introduction the nomenclature

has followed that of Clapham, Tutin & Warburg (1962).
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THE TRACK AND PATH SOILS IN THE ABZRFFRAW SAND DUNES
INTRODUCTION

The field work presented in this thesis was
carried out at the Aberffrew sand dunes;_Anglesey,
North Wales., This dune system is 3.2 km long and 1 km
wide and is situated with its long axis running north
east perpendicular to the coast, 4 km north west of the
Newborough Warren National Nature Reserve described in
Ranwell (1958). The area is composed of blown sand and
the seaward end is exposed to the prevailing south west
winds, but Ranwell (19%8) considers the area to be rela-
tively stable., The pH of the soil is generally between
7 and 8 and there is a high leval of calcium carbonate
(Pemadasa 1973). The whole dune system is open to the
public whoc were able to drive vehicles off the roads at
many points, and there has been a large increase in paths
and tracks between 1960 and '1970 (Figs.l-la &Vb).The sides
of the landward road (A 4080) have now been banked and
lay-bys are placed at about 300 m intervals where it
crosses the system; cattle and sheep graze the arse
'th:oughout the year. The survey and experimental areas
were all in slack vegetation.

There have recently been a number of studies of



Flg.1-1 ~
The Aberffraw sand dune system drawn from aerial
photographs.
a) 1960 3.2 km of track and 2.2 km of footpaths
b) 1970 11,7 km of track and 16.5 km of footpaths,
" (the smaller footpaths have been omitted)
¢) 1970 with experimental sites indicated

a-Jj, n-w survey sites, 1-8 experimentel sites
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the effect of trampling where both soil physical
characteristics and vegetation were measured. Streester
(1970) working on chalk grzssland found a decrease of
porcsity in the areas subject to high levels of tramp-
ling for a long period of time; a similar effect has
also been recorded aftver a short period of intense use
(Burdén 1970). Chappell et al (1971) demonstrated a
difference of 0.33 g.Cm"3 between trampled and unworn
areas at depths of O to 25 mm in a similar habitat.
Working in sands and sandy loam Iuitz (1945) found
increases in bulk density of 0.37 g.cm'3 at depths o2
C to 10 em; at 10 to 20 cm depths the increase was
only 0.18 g.cm°3. However, he only gives qualitative
comments on the vegetation. |

With the exception of)Burddn (1970) the
approaches mentioned above are all measurements of
areas subject to an unknown amcunt of trampling and
tending towards an equilibrium with this factor. The
areas were subject only to human trampling except that
studied by Chappell et a2l (1971) which was open to
vehicles, Arndt & Ross (1966) working with tractors on
an agricultural clay loam soil found an increase in bulk

density of 0.22 g.cm-3

at 5 cm depth after six vehicle
passages, but there was no significant change after

double this number. They also observed that vehicles
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tended to pulverise the soil surface. Increases in soil
penetration resistance of a maximun of 18 times between
used and unused areas were Tound by La Page (1962) tut
Freitag (1971) states that the mechanics of penetration
tests are not fully understood so the results must be
considered empirical. He also comments that 'there has
been little standardisation of the size, shape or method
of use of penetrometers' so thése must be carefully des-
cribed., However, Tanner & Mazmaril (1959) found that
bulk density was less sensitive to changes in compaction
+than soil penetration resistance. The recording of
absolute force required for penetration involves the
use of a relatively complex instrument in which the
speed of penetration is held constant, e.g. Mathieu &
Toogood (1958), but Malcolm (1964) successfully used an
impact penetrometer to detect hard pans due to vloughing.
When an impact penetrometer is used the rate of loading
is uncontrolled and the measurements are less sensitive
in consequence (Fréitag 1971). The impact machines are,
however, cheap to construvet and quick to use so that
readings nmay be replicated and a very low variarncze in
the data achieved: they are also capable of making
readingé to a considerable depth.

Soil moistﬁre has been studied in relation to

the other effects of compection. A drop in gravimetric
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water content from 38.8% to 20.5% in the mos%t worn
areas was recorded by Chappell et al (1971) and
Goldsmith et al (197¥) working in the summer on an acid
coastal heath found a negative correlation between wear
and soil moisture content. However, Lutz (1945) did
not record any changes of water cgntent in compacted
Merrimac sands and there was an increase of 8,9% volu-
metric water content in sandy loams. 3Burdén (1970)
found that there was an increase in ‘the percentage of
water filled pores of recently trampled soil., There
was no change in gravimetric water content when a clay
loam s0il was compacted by 0,22 g.cm73 but the wlumetrie
water content increased by 4% (Arndt & Rose 1G66).
These differences mey be partially due to aifferences
between gravimetric and volumetric measurements and in
the case of Chappell et al (1971) to the higher soil
water content. Packard (1957) considered that moisture
properties of soils are only seen correctly on s volume
basis and gravimetric comparisons can lead to erroneous
conclusions,

A laboratory study showed that a compressed sand
will hold mbre water at suctions of 0.1 to 15 bar than
uncompressed sand (Hill & Sumnsr 1967); this is in the
range where it is available to plants (Warkentin 1971).

Rusgell (1937) also suggests that available water
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depends on amount held per unit volume of soil and
states that it is not very dependent on soil texture
but may be increased by organic content, especially in
light soils., The possible beneficial effects of
increased soil water may be offset by inhibition of
drainage and consequent lack of oxygen (Grable 1971)
and a slower mass flow of water and dissolved nutrients
(Kemper et al 1971).

The effects of mechanical damage by trampling
may stimulate an increase in plant yield in dry weather
(Lambert 1962) and possibly stimulate tillering (ILanger
1963) as will a reductiorn in plant density (Lazenby &

Rogers 1962); extreme damage may, however, kill the

rlants.
Section Cne of this paper describes the results

of & survey of the primary soil characteristics of soil
bulk density and penetration resistance of the tracks
and pathe in the Aberffraw dune system. (Paper Two gives
an account of the distributicn of the associated vege-
tation). This is followed by a report of a field
experiment to determine the relationship between these

characteristics and a known amount of wear,
Section Two considers the secondary effect of

compaction on soil water as reflected by the survey end

a more detailed examination of soils from a limited

L irania o, T e
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erea. This is followed by an experiment to discover
the effects of compaction on the availability of water
to plants.

Finally, an experiment to assess the relative
effeéts of compaction and mechanical damage is

Gescribed,
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GENERAL MATEZRIALS AND MSTHODS

Soil sampling. S0il cores were obtained, after surface

vegetation had been removed, by driving metal cylinders
into the soil; they were 6 cm deep and 7.4 cm in
diameter. An anvil was fitted over the top of the
cylinders which were driven in until they were level
with the soil surface. The cores were extracted by
cutting away the soil from around the cylinders and
levelling their bases with a knife, .

To prevent loss of water before weighing, each
core was kept in the cylinder and placed between plastic
petri dishes held with elastic bands, and the whole put
in a polythene bég sealed with a wire fastener.

Measurement of soil characteristics. The field water

content was calculeted from the difference in weight
between the collected soil immediately after removal
from the polythene bag and the oven dry soil. It was
expressed as a percentage of the weight of the oven dry
soil or percentage volume of the cylinder. The weight
- of the soil was determined after drying for 48 hours at
105°C and bulk density was expressed as grams of oven
dry soil pexr em™3,

Penetrometer. Measurement of soil penetration resis-

tance was carried out using an impact penetrometer based

on that described in Malcolm (1964). This isillustrated
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in photo 1-1. The mode of action is similar to that of

a pile driver and the distance penetrated at each impact

is recorded.
The central rod A (Fig.l1-2) is free to travel

vertically and passes through the centre of the cylin-

drical anvil B to which it is welded and the hammer C

which can slide freely up and down the central rod, In

acfion, the hammer is lifted by hand to the upper adjust-

atle stop D and allowed to fall on to the anvil; a drop

of 10 cm was used throughout this work. The force

produced drives the point of the rod & into the ground,
the distancw penetrated is recorded by rotating the

pen¢il holder E which rests on stop D around the central

rod to mark its position on the record sheet F. The

shape of the 'point' is shown in photo 1-2.

The penetrometer record Fig.l-3 was analysed in

two ways -
A) ~For comparison with soil characters and site charac-
terisation, the total number of impacts needed to reach

a depth of 6 cm were counted. This is the depth of the

80il sanmples used for the other measurements.

B) When thé 'profile' was examined the number of impacts

to penetrate each successive centimetre or six centi-

metres was counted.



Photo 1-1

Impact penetrometer
showing hammer, anvil
and recording
mechanism,

Note extendable
tripod legs.

Photo 1-2

Profile of hemi-
spherical penetrometer
point.

Note that the shaft
has reduced diameter
to minimise the
"increase of friction
against the soil with
greater depths.




Fig.1-2
Impact penetrometer.
central rod
anvil

aliding hamnmer .

pencil holder

A

B

C

D hammer stop
B

F record paper
G

hemispherical point
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Fig.1-3
Penetrometer records from three points in a transect
across a track (transect I, paper 2).
A in undisturbed vegefation

B vegetation undisturbed but some transmitted‘soil

compaction below 36 cm

C vegetation almost absent from wheel track



AR

. \

[ I

"l
1
1

__*

__.:__;_

n
14
.

;

Rl

e

UL EEEEEETEH AT

VLTI

Depth

24
36

in cm

Ly



—~32-

Location of stands for general survey. Twenty sites

were selected, ten on car tracks (coded a to j) and ten
on footpaths (coded n to w); these are shown on Fig.
l-1lc. Five of each were on dry areas and five on wet
areas. The wet areas were selected on the basis of the

presence of prostrate Salix repens and of Hydrocotyle

vulgaris (cf. Ranwell l9g%). Sites were chosen where
relatively large areas of similar 'natural' vegetation
occurred on both sides of the track or path.

Three stands were placed at each track site, one
on the worn areas (No.l to 10, 'Group’ A), one on part
worn picnic areas adjacent to the track, (No.ll to 20,
'Group' B) and one in adjacent 'natural' vegetation
(No.21 %o 30, ‘'Group' C). Two stands were used at each
path site, one on the path (No.31 to 40, 'Group' D) and
one in adjacent natural vegetation (No.41l to 50, 'Group'
E). There were, th;refore, 50 stands in all. Zach
stand included an area of one half of a square metre,
composed either of one 100 x 50 cm guadrat, or of two
100 x 25 cm quadrats, as the wheel tracks were genexrally
about 25 cm wide.,

Penetrometer readings were replicated sixteen
times in each stand. The gquadrats were sub-divided into
16 areas of 12.5 x 25 cm at each stand end one reading

was taken at a random position within each area., The
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sides of each area were divided into ten units so that
the precise position could be determined by the use of
pairs of random numbers. Eight soil cores were taken
from each stand and the position was determined in the
same manner as fof the penetrometer readings except that

there were eight sample areas each 25 x 25 cm.



-34-
SECTION 1
CHANGES IN SOIL BULK DZNSITY AND PENETRATION RESISTANCE
MATERIALS AND METHCDS

Soill particle analysis. This was carried out on soil

samples from six stands, three with a high soil penetra-
tion resistance (Nos.l2, 14 and 17) and tﬁgée with a low
_resistance (Nos.29, 30 and 36). Three dried cores were
taken from the original eignht collected from each stand,
they were passed through a 2,000 mesh sieve which
‘separated the root material from the rest of the soil
allowing the percentage roct content to be calculated.
Two hundred grammes of sieved soil from each core were
passed through a series of sieves of 1,000p , 500p ,
250j4 , 125p y 90;4 and 45kg mesh sizes., The soils were
esieved dry with the three large mesh sieves and washed
through the three smaller mesh sieves, The proportion
of tﬂe 200 g retained by each sieve was weighed and
expressed as a percentage of the total; +the very little
remainder of sizes smaller than 45}4 was not included

in PFig.l-6.

The resulting percenvage fractions were divided
by the log interval between the sieve sizes, i.e, the
range of sizes retained by that particular sieve; this
was in ordef to correct for the small range of 35 B

between the 90p and 125 p sieves (see Bagnold 1941
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for an account of this method).

The etffect of car and foot traffic on soil bulk density

and penetration resisvance. For this experiment a site

was chosen in the dune slack area (Fhoto 1-3, and 1 on

Fig.l-lc) where there was some relict Ammophila arenaria

and a considerable moss flora. A track 40 feet long was
laid out and the car wasg driven along it in alternate
directions. The weight distribution on soft ground was

2 on hard ground. Soil

about 950 g.cm™2 and 1,500 g.om™
mensurations were made at each time interval (sees Table
1-1la), using 10 ceantimetre square §uadrats, two of which
were placed randomly in each wheel track. Four penstro-
meter readings were taken near the edge of each quadrat,
the zero point in each case being the surface of the
compreséed s0il and not its original level. The vege-
tation was then removed and a so0il core obtained. Tae
work wés carried out over a period of three days and
there was heavy rain after the second day.

For the estimation of the effect of foot treffic
a series of stepping areas 10" x 15" were laid out at
two foot intervals in two parallel rows 14 feet long.
Wear was applied and samples taken at intervals as shown
in Table 1-1b., The areaé were sampled systematically
starting at the west end and centre of the north row

and at the east end and centre of the south row. The



Photo 1-3

View from south end
of experimental ,
track after 256 runs,
in the car (site 1,
Fig.l-1lc). All wear
experiments were
carried out in
similar vegetation.
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Photo 1-4

Segnaration of the
effects of shoot
damage and soil com-
paction. FPots in
position for carrying -
out damage treatment.
Simulated soil
'surface' only in
Pplace on right hand
steel plate,




Table l-la

Sequence of treatments in wear experiment (car)

Direction Number of runs No. of runs at
north or which hardness
south measured and soil
cores taken
0 0] 0-
S 1 1
N 2 3
S 1l 4
S 2 +
N 2 . 8
N 4 ‘
S 4 16
S 8
n 8 32
From here on 8 runs were taken +
in alternate directions to reach . 64
the numbers shown in the last
column. 128 «
' 192
256

+ overnight stops

* only hardness measured



Table 1-1b

Sequence of treatments in wear experiment (walking)

Direction Number of steps No., of steps at
east or on each quadrat which hardness
west measured and soil
cores teken
0 0 0
B 2
W 2 4
E 6
W 6 16
E 10
W 10
From here onwards 10 steps were 6
made in alternate directions to 4
reach the numbers shown in the +
last column. After 256 the total 256
was made by six people 2ll meking 1024

30 steps before changing direction

+ overnight stop
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10 centimetre square quadrat was placed once in the
most worn part of each stepping area and soil penetra-
tion resistance was measured and cores extracted as

described above. There was no rain during this

experiment.
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RESULTS AND DISCUSSION
The rapid increase in wear on the dunes is clear
from a comparisoh of the maps, Figs.l-la and 1-1lb. There
is no need for further comment on the requirement for
~information upon which management of these areas can
be based,
General Survey, Soil bulk density and penetration

resistance. The two direct effects of soil compaction,

-
'O ynCrease

1pulk density and soil penetration resistance both

showed a marked increase on tracks and paths. (Figs.
l-4a and b). The mean bulk density on tracks (Group A)
is 1.34 g.cm-3 and in natural vegetation (Group C) it
is 1.09 g.cm_3, a statistically significant increase of
0.25 g.cm-3. That of 'picnic' areas subject to wear by
cars and other activities (Group B) is 0.17 g.cm'3
greater than the adjacent untrampled areas. Footpgths
not accessible to cars (Group D) show a rise from 1.1l
g.cm"3 in natural vegetation (Group E) to 1.28 g.cm“3,
an increase of 0.17 g.om™3 (Fig.l-4a). The footpaths
are géig g_a:.cm‘3 less than the tracks. These are all
statistically significant differences, and the range of
variation is reduced in compact areas. The stand soil
data are all presented in Table 1-2.

The soil penetration resistance shows the same

trends as bulk density: +the increase found on tracks
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Fig.1l-4
Primary physical soil parameters from general survey.
a) Bulk density g;an“3
b) Log of penetrometer impacts (L.P.I.)
A Track stands
B Picnic area stands
C Adjacent 'natural vegétation' stands
D Fcotpath stands
B

Al)acent ‘natural vegetation' stands

Mean

2

©

1_ 2 standard errors
; Range

!
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was 0't3 log penetrometer impsots (L.P.I.) and the
increase cn footpaths was 0,38 L.P.I. (Fig.l-4b), The
difference between footpaths and tracks was 0,19 L.P.I.
and these differences are also all statistically
significant. -

The increase in bulk density of 0.25 g.cm"3
caused by the presence of tracks at Aberffraw is less
than the increase of 0,36 g.cm-3 reported in Lutz (1945)
on a sandy soil, but there is not a statistically signi-
ficant difference between his highest records and those
presented here, The difference between the lowest
records each including one standard error is only 0.02
g.cm"3, s0 the degree of compactvion can, therefore, be
considered essentially the same., Chappell et al (1971)
found a similar degree of compaction on a clay loam
over chalk but his densities of 0.68 g.cm"'3 to 1.02
g.cm"3 were lower than the sandy soils. The reason may
‘be that their soils were sampled in November whereas the
Aberffrew sampl.es were taken in June and July when the
area was subject to intense use; both areas were open
to vehicles and Aberffraw was also grazed by cattle and
sheep. Arnd+t & Rose (1966) found that the surface layer
was pulverised by vehicles on clay loam; at Aberffraw
the dry areas had a loose surface but there was a crust

on the tracks and paths in the wet slacks.,
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The increase of 18 times soil penetration resis-
tance found by LaPage (1962) in trampled areas was much
greater than that recorded here where the mean sand dune
compaction wzs only 2.6 times the uncompacted area,
However, he may have chosen the extreme situations which
compare with the greatest aifference found in the sand
dunies of 37 times (L.P.I, of -0,10 to 1.47).

To understand the effects of these soil Shanges
on the vegetation it is necessary to examine thei;_
interrelationships, The mean of the group bulk densi-
ties and soil penetrability show that the footpaths (E)
and their associated vegetation (D) are uniformly dis-
plcced from groups B and A (Fig.1-5). Soil samples from
three stands in group B and two from ﬁ and one from D
together were analysed for mechanical properties, They
had a mean difference in penetration resistance of 1.18
" L.P.I, and a difference of only 0.1l g.cm-3 in bulk
density (Fig.l-5). The mean root content and particle
size distribution of these samples (Fig.l1-6) show that
the stands with a high L.P.I. had almost one and a half
times the amount of plant root over 2 mm and that the
varticle sizes were slightly more evenly distributed,
ise, the soil was poorly graded in the low L.P.I. stands
(cf. Harris 1971 for terminology). The mean particle

size corresponds with that of the lee slope of an



Fig.1l-5

Relationship between bulk density and L.P.I. pf

grouped survey stands.

& Bulk density g.om™> R wxis

¥} Log of penetrometer impacts (L.P.I.) Y axis
Track stands |
Ficnic area stands
Adjacent 'matural vegetation' stands
Footpath stands
Adjacent 'natural vegetation®’ stands
Mean

2 standard errors

--.I..__.‘@ 2 U o W

Hange ,

Poiﬂt 1l is the mean positiorn of high L.P.I. stands
and point 2 is the mean position of low L.P.I. stands
analysed for root content and mechanical composition

of soil.
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Fig.1-6 '
llechanical composition and root content of high and
low L.P.I. stands. See texi, page 34, for
explanation.
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Ammophila dune at Braunton Burrows (Willis et al 1959).

The high L.P.I. samples were all from dry areas
that had been subject to wear by vehicles and the low
L.P.I., samples were all from wet stands that had not
been exposed to this treatment. Harris (1971) states
that poor grading leads to lower resistance to sheer-
induced motion of soil particles and Freitag (1971)
gives data showing that penetration resistance decreases
as water content rises, The higher L.,P.I., could, there-
fore, be due to higher root coﬁtent, better graded soil
or lower levels of soil water., IHowever, this explana-
tion needs to be treated with caution as readings from
wet and dry portions of another track showed the
reverse of the expected relationship with L.P.I.s of
1.43 and 1.25 respectively, while the tulk densities
were 1,21 g.cm'3 and 1,41 g.cm'3.

The fact that the higher root content and better
grading, which increases capillary water content, are
also associated with wear by cars suggests that vehicles
may have a beneficial effect on plants at low levels cf
use in these dry soils, The soil water content is,
however, also significantly higher on footpaths vhich

do not show this particle size distribution effect.



-41-

The effect of car and foot traffic on soil bulk density

and penetration resistance. The results of these experi-

ments show that both-soil bulk density and penetration
resistance are directly related to the amount of traffic
when this'occurs over a shorttime period. (Figs.l-7a,
b, ¢ and d). Bulk density has a straight line relation-
ship with the log of the traffic intensity (R2 = 0,91
(car), R® = 0.86 (foot), P < 0.01 (Figs.l-7a and b));
the increase for 256 passages was* 0,2 g.cm"3 as a
result of wear by both car and walkers, The log of
penetrometer impacts also has a straight line relation-
ship with the log of number of car passages (Fig.l-Tc)
and log number of steps (Fig.l-74) (R2 = 0,93 (car),
R% = 0.95 (foot), P < 0.01). The increase for 256
passages was 0.6 L,P.I. as a result of wear by car and
0.,42 L.P.I., as a result of walkers. Judged on the basis
of the correlations the penetrometer is slightly mors
efficient as an instrument for measuring wear and the
standard errors of L.P.I. at each intensity are relative-
ly smaller than those of bulk density.

The degree of soil compaction varies with depth.
The uncompacted soils were slightly more penetration
resistant in the upper 2 cm than in the next 2 cm (Figs.
1-8a and b). This is in contrast %o the findings of

Chappell et al (1971) where their uncompacted area had



Fig.,1-7
The relationship between number of passages by car
and walking and the changes in soil bulk density and
L.P.I.
a) Number of passages in car and changes in soil
bulk density
b) Number of passages waiking and changes in soil
bulk density
¢) Number of passages in car and changes in L.P.I,
d) Number of passages walk&ng and changes in L.P.I,

® Mean

]- 2 standard errors
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a lower bulk density in the upper two layers. However,

the compacted soils at the worn sites used by Chappell
et al (1971) and at Aberffraw were both mcre compressed
in the upper layers. This evidence suggests that the

grazing animals may have partially compacted the

'untrampled' Aberffraw soils.

The scils subject to wear by cer have their mcst

resistant layer in the first centimetre, Fig.l-8a,
whereas the trampled sites have the most resistant

layer in the second centimetre, Fig.l-8b. This suggests

that the car has compacted the surface vegetation into
the soil and formed a crust, whereas the screwing action

of human feet has displaced the broken vegetation (cf.

Harper et al 1961 and Davies 1938). The car has also

caused a 4.5 cm depression below the original surface,

- photo 1-6. A maximum compaction layer was found at 10

cn depth by Arndt & Rose (1966) and Lutz (1945) reported
that bulk density in the 10 to 20 cm layer was greater

than in the surface 10 cm. This suggests that the

profiles shown here are atypical as a result of wzar

oceurring over a shoxrt period of time.,

The relationship between the effect of cars and
walkers requires quantitative definition for management
purposes., The various parameters in this experiment

must, therefore, be adjusted in terms of the number of



Fig.1-8
So0il penetration resistanc~ for each centiietre
depth to 6 cm.
a) After increasing number of passages in car
b) After iacreasing number of 'steps'
@ meen

I

i 2 standard errors
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people either walking or in a car as this is the unit
required for control of wear. In this experiment the
car used was heavier than average (1,282 kg including the
driver) but it only contained one person. Data in
Patmore (1970) (p.116-118) provides an average of 2,89
to 2.99 people per car when visiting rural beauty spots.
The heavy car and one driver is,'therefore, approximate-
ly the same weight as the average 'holiday' car with
three passengers and will,be considered as such in this
comparison.

The area of ground trodden in this experiment was
approximately 12% of a normal 450 mm wide single file
path (Huxley 1970) and the 125 mm wide car rut was aobout
504 of the 250 mm width of a normal straight wheel track
megasured in the sanme area. In order to adjust the
results of this experiment to a more natural distribution
the effects of humen trampling should, therefore, be

divided by 8.5 and those of the car by 2.
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The measured increase of bulk density for the
same number of passages was 0.2 g.cm"3 in both cases.
Bringing all these factors together -

Mezasured Correction for Area cor- Correct-
g.cm"3 No. of people rection ed B.D.

Walking 0.2 - 1l x 0.12

. = 0,023
Car 0.2 = 3 "x 0.5 = 0.033
And for L.P.I.
Measured Correct-
L.P.I. , ed L,FP.I.
Walking 0.42 - 1 x 0,12 = 0,05
Car 0.6 - 3 x 0.4 = 0,08

Cars cause a 30% greater increase in bulk
density and L.P.I. than is caused by walkers and the
area damagéd by cars will be much greater especially at
tae corners of tracks and in picnic areas. Finally,
gbservation suggests that the orgenic soil crust is
rarely destroyed by walkers but is frequently bdbroken cn

car tracks in dune slack areas.,
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SECTION 2
CHANGES IN SOIL MOISTURE AND OTHER PARAMETERS
MATERTALS AND MSTHODS

General survey, The materials and methods are des-

cribed in Section One.

The relationships between so0il factors. Samples for

this survey were collected from the track at site 1 and
the track and footpath at site 2 (Fig.l-lc) at the end
of December 1969, The quadrats were placed randomly on
transects in the part-worn and unworn areas, but on the
tracks and footpath the most worn parts were selected,
Soll penetration resistance was measured and cores
‘obtained in the manner described for the previous
experiment.

Tc measure the water content of the saturated
cores the bases were covered with muslin and a filter
paper and allowed to equilibrate cvernight in one inch
of water, They were then weighed and water content taken
as the difference from oven-dry soil., The pore space -
was determined and expressed in the same wey exceptthat
the water was level with the top of the cylinder., The
field capacity was czlculated from the water content of
the soil cores after saturation and draining for an
arbitrary period of 48 hours.

The root content was measured by drying the soil
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at room temperature for eigat days and sieving through

a 2 mm sieve: the material that d4id not pass through

the sieve consisted of roots and was devoid of stones.

This was expreséed as a percentage of total air dry
weight of soil and roots.

The effect of so0il compaction on survival during drcught.

The experiment was carried out in 6" pots with a

s0il of 2 parts by volume acid washed silica sand and one

part John Innes No.l Compost. Half the pots had their

soil compressed before, the seed was sown and the plant

used was festuca rubra, 'Danish Red Fescue',

Five
blocks were arrenged randomly on the tench, each with

five pairs of pots, one compressed and one uncompressed

in each pair; +the bulk densities were 1,36 g.cm"‘3 SE

0.02 and 1.08 g.cm’3 SE 0.02 respectively. Ten plants

in each pot were allowcd to establisn for 42 days. The

soils were completely saturated on the last day and
weighed and transferred to a dry capillary table under
a polythene 'cloche! and no further water applied., The
temperature averaged about 17°C. and the relative

humidity fluctuated between 5% and 75% for the duration
of the wilting pericd.

One pair of pots taken randonmly from each block

was removed from the cloche and watered at C, 15, 20,

25 and 30 days. They were all harvested one week after
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the end of the 30 day period. The tiller number per
plant was recorded and the plant material sorted into
dead and live fractions and fresh and dry weights were
determined. The soils were weighed and dried and
weighed again so that initial ard final water content
could be calculated. The means and standard errors of
fhé various parameters were calculated separately for

each wilting period.
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RESULTS AND DISCUSSION

General survey, soill water-mezasurements, There is no

gstatistically significant difference between the volu-
metric or gravimetric water content of the five groups
of stands., Fig.l-9a and Table 1-3 respectively.
However, when these groups were sub-divided into wet
and dry stands on the basis of the field assessment
significant differences were found. The dry track and
path stands had higher water contents thag the adjacent
undisturbed areas, 6.4% and 4.5% volumetriz or 3.9% and
3.1% gravimetric respectively (Fig.l-9b and Table 1-3).
This is similar to the report by Packerd (1957) that
Taﬁpo Punice soils with very low bulk densities of 0,36
g.cm"3 improved their moisture properties when compacted
to 1.23 g.cm’3 under pasture. There were no significant
differences between any of the wet stand groups (Fig.l-9c
and Table 1-3). If the mean of the gravimetric water
" content of the two wettest track stands, 36.7%, is
compared with that of the adjacent areas, 49.4%, then
it can be said that the very wet track soils hold 12,7%
less water. (Table 1-2 No3.2 and 7 and 22 and 27).
However, the volumetric compazrison (44.9 and 43.1%)
reverses this relationship.

Lutz (1945) found no significant increase of

al
volumetrigupghtent in his sends but the compacted sandy



Fig.1-9
Volumetric water content of groups of stands
a) Means of all stands in each group
b) Means of five dry stands in each group
c) leans of five wet stands in each group
Track stands

Picnic erea stands

(ST v e

Adjacent 'matural vegetation' stands
Footpath stands

AGjacent 'aatural vegetation' stands
lican '

2 standard errors
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Table 1-3

Gravimetric soil water content (%

e, X S.E.
All Stands
A 15.10 3.79
B 13.92 4.13
C 15.02 5,89 -
D 12,30 2,12
B 10.42 2.38
Dry Stands
A 7.65 1.58
B 6.22 1.22
C 3.78 0.25
D 8.45 1.46
E 5.35 0.71
Wet Stands \
A 22,55 5.87
B 21.61 6.76
c 26.25 9.64
D 16.14 3.26
E 15.49 3.49




Fig.l1-10

Relationship between the bulk densities and L.FP.I.
of wet and dry stands in each group. ‘
a) Bulk density g.cm"3

t) L.P.I.

© mean of dry stands
O mean of wet stands
T 2 standard errors

i ’
, range
Ll
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loam had an increase of 8.4%; this is higher thon the
6.4% found at Aberffraw, The decrease of 18.3% (gravi-
metric) reported by Cheppell et al (1971) is probably
the result of a decrease in total pore space and comperes
with the gravimetric measurements of the very wet stands
at Aberffraw. The undisturbed wet dunc soils were pro-
bably not saturated during the summer when the soil was
sampled. The increase in volumetric water content of
6.4% in the compressed dry soils may have a direct
effect on the plants ané an indirect one via the thermal
properties of the soils,

The two meesures of primary soil characteristics
have different relationships with so0il water. Bulk
density has a negative correlation with gravimetric
water up to 1.3 g.cm-3; it then becomes slightly
positive., The R value of the regression was, however,
only 0.09 (P < 0.051) and ther? was no significant
correlation with volumetric soil water., However, the
soil penetration.rgsistance has a positive correlation
with volumetric soil water, RZ = 0,31 (P < 0.001l). When
the primery soil parameters were divided into wet and
dry groups, Fig.l1-10, this opposite relationship was
emphasised. The L.P.I. of the dry track, footpaths and
the natural vegetation were all significantly lower than

the wet stands from the same groups. (Fig.l-10b), 4s
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suggested by the regressions the bulk densities of the
dry stands tended to be higher than those of the wet
stands of the same group but the only significant
difference occurred on the tracks (Fig.l-10a).

These results indicate that the L,P.I. is
related to soil water content to a greater extent than
is bulk density. But the compacted wet slack soils
appeared to have a hard ‘crust that was not mresent in
dry areas and tue penetrometer mey bte affected by this
feature of so0il structure associated with water content.

The relationships between various soil factors, The

difference between the water content of the soil when
collected and the meeasured field capacity of the soil
core in isolation (Fig.l-lla) gives an indication cf the
field drainage situation. In this case, the track soil
water contents were above their intrinsic field capacity.
Compaction is either hindering drainage (Warkentin 1971)
or aiding capillary rise from the water table (Ranwell
1959). An alternative possibility.is that the vegetation
on the non-track areas had withdrawn thé water from these
soils but this is unlikely in midwinter when the measure-
nents were made. Warkentin (1971) suggests that sands
will reach equilibrium after 12 hours of dreinage.

Since these cores were allowed to drain for 48 hours

the 'field capacity' (or arbitrary point on the time-



Fig.1l-11
Detailed examination of soil characteristics
a) Percentage deviation of collected field water
content from field capacity
b) Percentage volume of air in field condition
c¢) Root content, percentage of total dry weight

'natural vegetation'

v ©
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drainage curve) measured here may be rather low,

The increased water content reduced the air
porosity in track soils, in this case to a mean of 13.1%
(Fig.1-11b). This level is low enough to hinder diffu-
sion and restrict soil respiration rates in some soils
(Grable 1971). It is, therefore, possible that the root
growth of winter annuals will be inhibited by oxygen
deficiencies in wet but not flooded slacks.,

The percentage root content was highest in the
footpath (1.79%) and track soils (1.25%) compared with
1.09% in the adjacent areas; these differences are only
significant in the case of the footpaths (Fig.l-llc).
This suggests that the total effect of compaction may
be beneficial to plant growth at least in the summer.

The effect of soil compaction on survival during drought.

The plants grown in compacted soil meintained a
greater percentage of live tissue under drought conditicrs
than the plants grown in uncompacted soil (Fig.l-12a).
They also had a 40% higher tiller number (Fig.l-12b)
and a 45% higher fresh wcight at the start of the wilting
period (10.5 g S.E.0.8 and 7.9 g S.E.0.4 fresh weight
respectively). The gravimetric water content of the
soil and roots was the same for both treatments at all
stages of wilting but the volumetric coantent at the

starting time was 30% in the compressed and only 24.3%



Fig.1l-12

The effect of soil compaction on the survival of

plants in drought conditions. '

a) Change in percentage of live fresh weight.of
+total plant fresh weight plotted against days
of drought.

b) Number of tillers per plant plotted against
days of drought.

c) Percentage volume of water lost from pots

plotted against days of drought.
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in the uwncompressed soils.

The volume of water lost during wilting was also
greater in the case of the compressed soils (Fig.l-12c).
These results show that at least for these artificial
conGitions Warkentin's statement that compacted soils
have en increased amount of available water is correct
(Warkentin 1971). They also ;ndicate that volumetric
water content should be used when discussing soil water
in relation to plants. The difference in compaction
between the two treatments is equivalent to 256
passages of the car when compared with the bulk density
measurements of the wear experiment.

These data, together with the previous field
measurenents, suggest that ccmpaction per se may have
a beneficial effect on plant growth in the AberIifraw
sand dune pastures., Seedling establishment mey,

however, be adversely affected.
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SECTION 3

SEPARATION OF THZ EFFZCTS OF SHOOT DAMAGZ AND SOIL

CONMPACIION BY VEHICLES

MATERTALS AND METHODS
The plants were grown in 6" pots each having e
3" thick, polyurethane varnished, steel plate cver tke
top and were placed in 2.5 cm diameter central holes,

see Fhoto 1l-4. Three Festuca rubra plants were scwn i-

cach pot and allowed to establish for 112 days. Sevex
blocks were laid out, each of four pots. One from eack
biock was an untreated tontrol, one had the shoot dazaiel

by driving over it eight times with a van that weighed
-2

-
.

840 kg including the driver (ground pressure 1,218 g.cx
one had the soil compressed by tamping with a 1" sguare
block of wood and both treatments were given to the fizal
pot. The driving treatment was carried out by placing
the pots below ground level so that the steel plates
rested in a frame at the soil surface; this prevented
soil compression when the van was d4riven over i%.
(Photo 1-5). The soil bulk densities were 1.12 g.cm™>,
1.16 g.cm'3, 1.37 g.cm'3 and 1.39 g.cm"3 respectively
and the differences were statistically significant bet-
ween 21l except the last two treatments.

The plants were given & two week recovery period

before harvesting so that the dead material could dis-
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.previously

Photo 1-5

Method of carrying
out damage treatment
to shoots.

Photo 1-6

Point in car rut
after 256 runs on

uncompressed soil.
Approximately 4 cm
depression hasg
occurred,
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colour and be readily separated from live parts of the
plants., The effect on shoot only was measured as it
would not have been easy to separate live from dead
roots. The results were analysed using analysis of

varisiice,

RESULTS AND DISCUSSION
Damage to the shoots of the Festuca rubra by

eight passages of the van caused a 42% increase in the
number of tillers. Compaction of the soils caused & 37%
rise but the two treatments together only caused a gain
of 19% in tiller numbers (Fig.l-l3a). An increase in
tiller number has been recorded as & response to shoot
damage or defoliation by Lambert (1962) and for compac-
tion of the soil in isolation by Edmond (1958). However,
the number of vehicle passages and the change in soil
bulk density are not strictly comparable as this degree
of compaction is equivalent to 2,480 passages of the car
on the basis of the field experiment.

The shoot damage reduced fresh weight of live
tissue by 17% while soil compaction increased it by 16%,
a marked beneficial effect (Fig.l-13b). The two treat-
ments together reduced the weight by 31%. The negative
interaction suggests that the effect of compaction is
both beneficial and harmful, the former effect out-

weighing the latter when no other stress is imposed,



I‘\ig 01-13
Sffect of shoot damage and soil compaction on the

growth of Festuca rubra.

a) Tillers per plant
b) Fresh weight of live tissue per pot
¢) Presh weight of dead tissue per pot

Izsrs.
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but the reverse relationship dominating when the shoot
is also damaged. Since soil water was unlikely to be
limiting in greenhouse conditions another explaration
for the.beneficial action must be found. There mey have
been a greater availability of nutrients in compressed
soils and the negative effect may have been root damage.
The fresh weight of dead material reacted to the treat-
ments in precisely the opprosite way from that of the live
material (Fig.l-13c).

These results show that compaction alone is bene-
ficial to established plants, but that mechanical damags

reduces biomass although tiller numbers are increased,
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GENERAL DISCUSSION

The bulk density of soils on sand dune paths and
tracks was aeasured and the average found to be 1.%; g.cm'3
and l.ég g.cm"3 respectively. There was a straight line
relationship between bulk density or the log of pene-
trometer impacts and the log of the number of passages,
and the increase in bulk density of undisturbed soils
caused by 256 passages of walkers or cars was O.25;cm“3
and the L.P.I. rose by 0.42 and 0.6 respectively. An
average car with three passengers caused 1.5 tines the
amount of so0il compaction in terms of bulk density as
three people walking and the effect is spread over a
wider area.

The increase in compacted soil water content may
be an important factor in dry periods in such well
drained soils as those at Aberffraw; especially when
combined with lower withdrawal by the reduced plant
cover it may make the difference between death and
survival. The increase in plant roots found in these
soils suggests that plants are able to take advantage
of this water. However, Barley & Grében (1967) con-
sider that there is evidence that mechanical properties
of compacted so0il may restrict root growth directly as
well as indirectly by interacting with water and oxygen.

The damage caused by shoot compression and
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bending is shown to be greater than the effect of root
damage by soil compression salone, which is apparently
associated with some beneficial changes., Damage to the
shoots does, however, stimulate a greater tiller
production. i

The crusted, move penetration resistant, wet
slack soils are probably similar to the platey struc-
tures reported by Robinson & Alderfar (1952) and are
likely to hold plent shoots more firmly then uncompress-
ed soil. Whe% they are pressed over against the ground
by treading or tyres the length of stem that has to
accommodate the bend is reduced as its base cannot move
in the soil, also overall compression forces acting on
the shoot will be greater than those occurring on soft
soils which can 'mould' to accommodate the plant. This
will lead to greater dauage esfecially to those plants
that grow in 2 completely vertical position. One may,
therefore, expect that dune slack plants that survive
trampling will emerge at an acute angle from the eoil,.

The survival problem in the softer dry arcas may
be that of resistence to surface abrasion by sand par-
ticles while the plant body is cushioned from the effects
of direct compression.

Management implications of these data must centre

around the critical level of compaction and wear for
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plant growth: +this is discussed more fully in Paper 2.
The improveaient in water supply to plants in compacted
80ils may have an effect on the regeneration of dry
areas., In more extreme conditions of wear the re-
vention of crust destructicn will become important.
Regeneration techniques must also consider the reletion
of the compacted state of the soil to damage mechanisms
.if the area is to be used again; they may invoive
treatments to ameliorate surface hardness.

The penetrometer experiments suggest thet it is
a suitable tool to use when assessing compaction
differences inadjacent sand dune areas at any one
time; however, care must be taken to avoid or measure
changes in soil moisture due to rainfall and to see
tha', comparisons are only made within one soil type.
Bulk aensity in g.cm‘3 is probably a better general

neasure for site comparison over large areas,
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APFPENDIX 1
A possible method by which penetrometer readings

could be corrected for errors due to soil water content

was investigated.

The regression of L,P.I., on B.D, gave an R? value
of 0.33 (P < 0.01). The residual L.P.I. values from
this.regression were then regressed on the gravimetric
soil water content and this gave an R of 0.7l (P <0.001)
significance. The constants from this equation can then

be used to correct the penetrometer reading, e.g.

correction factor = -0.687% + 0.0262 x the soil water content

When this was subtracted from the original L.P.I.s and
the remainder plotted against bulk density, an improved
correlation coefficient of G.70 (P < 0,001) was obtained.
(See Appendix Table Al-1 and Al-2). When the same
sequence was follcwed using volumetric water content
the corrected L.P.I. R value was only 0.56, so the
gravimetric water measurement is espporently the best
parameter to use for this correction.

This method could only be used in a restricted
earea and further field tests are required bvefore it can

be applied with confidence.
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TABLE Al-2

Multiple regression data from Experiment II

R2 Signi- Constant b

ficance
Tog hardness on :
Bulk density 0.33 1% 0,001  .1.1G1
Collected water 0.40 0.1 0,581 0.024
'Root content 0.02 N.S. 1.106 0,086
Pore space 0.56 0.1% 3,013 =0.031
Deviation of collected
water from field 0.78 0.1% 1.475 0.024
capacity
Bulk density and 0.82 0.1 -0.868 1.360
collected water 4 0.027
Bulk density, 0.86 5.0 =1.,145 1.516
collected water 0,025
and root content : 0.144
Field capacity on :
Bulk dansity Q.93 0.1% 95.490 -57.259

Residuel hardness on @

Collected water content 0.71 0.1% -0.688 0.026
Corrected log hardness m:

Bulk density 0.70 0.1% <0.171 1.359

Pore space on :

Bulk density C.73 0.1% 101.342 -42.974
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THE TRACK AND PATH VEGETATION IN THS ABERFFRAW SAND DUNZS
INTRODUCTION

Surveys of both 'natural vegetation' and soils
in relation to trampling are inmportant as ‘each is part
of the environment of the other' (Tansley 1935), These
have been carried out by Perring (1967), Streeter (1971)
and Chappell et al (1971) in chelk grasslands, by Gold-
smitﬁiﬁl970) on coastal heath znd by Bates (1935) mainly
in acidic grasslands. 411 of these, except Goldsmith et
al (1970) end Perring (1967) have used soil bulk denslity
as an indicator of the degree of wear. Willis et 2l
(1559) and Ranwell (1953) found that soil water was a
major factor influencing the distribution of dune plants
and it was congidered important that any modification of
this factor that may be caused by trampling shonld slso
be investigated; these data heve been reported in
Paper 1.

Meny authors make some reference to the drastic
effects of wear on sand dune vegetation, e.g Ranwell
(1969), Beattie (1967), Richards (1970) and Westhoff
(1967), but there have apparently been no comprzhensive
éurveys of the effects of trampling on the dune slack
habitat.

Transects across paths have been investigated by
a number of authors. Changes in profiles of a path sur-

face during a short period of intensive use were examined
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by Burdsn (1970), an estimate of species distribution
in relation to roads was made by Bates (1938b), cover
measurements of certain species in relation to sheep
tracks were presented by Thomas (1959), and Klecka (1937)
describes estimates of abundance of common species across
a path. Three recent papers give more detailed quantita-
tive data. A4 series of paths for which percentage cover
cf damage to plants, cover of certain species and distri-
bution of people estimated by tramplometer is described
by Bayfield (1971). 3treeter (1971) gives details of a
nuuber of transects in which total ccver, cover of cer-
tain selected species, soil nitrogen, phosphorus and
porosity were measured. Goldsmith et al (1970) present
a very thorough description of & transect across =
coastal path on the island of Tresco for which the fre-
quency of each species, the surface profile, pH, conduc-
tivity, moisture content and vegetation height were all
neasured, and an estimate wae made of the distribution
‘of people. They also consider in detail the relation-
ships 5etween certain species and the environmental
factors.

This papef describes the vegetation on the
Aberffraw sand dunes in relation to the effects of
trampling and vehicles, Two approaches have been

adopted: in the first, a generel survey was carried
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out; tho =anil data from this were presented in
Paper 1 and the asaociated vogotation is described
here, The second approach was to examine selected

path and track transects in detail.



—65—

MATERIALS AND METHODS

General Survey

Site selection. The area chosen was the Aberffraw dune
system (Fig.l-l, Paper 1) on the west coast of Anglesey,
North Wales., There is free access by car and on foot
and the whcle of the area except the extreme N.E 1is
traversed by car tracks and footpaths, some of which are
shown in Fig.l-1b (Paper 1).

Vegetation sampling. The stand sizes and selection

methods are described in Paper 1 and the designation of

the categories is as follows
A On car tracks (stands 1 to 10)
B Worn by cars and walking - 'Picnic areas' (stands
11 to 20)
C iatural vegetation associated with tracks (stands
21 to 30)
D On footpaths (stands 31 to 40)

L¢3

Natural vegetation associated with paths (stends
41 to 50)

Phytosociological analysis techniques were chosen so
that a summary of the vegetational diversity could be
‘considered in relation to environmental variables. The
techniques employed were ordination by princiﬁlé com-
ponents analysis using a correlation matrix between

species, and by reciprocal averaging (Hill 1973), and
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clagsification by association analysis (Williams &

Lambert 1959), using J %? a8 the division parameter
and & stopping rule of mai:Xiz = 5. Since presence or
absence record is considered to give nearly as much
information as quantitative measures (Greig-Smith 1971),
the species were recorded in this manner. Diversity was
expressed as the reciprocal of Simpson's diversity index,
No (Hill 1973).

Transect Records

Site selection. The transects were placed where the

wear was graded across the path., Sinilarity of unworn
vegetation on both sides of the track or path was also
required as evidence that the whole transect had been
hcmogeneous before wear occurred. Three transects were
recorded, one on a car track (site 3), one on a path
(site +) and one on a sheep track (site 5).

Surface profile. The surface profile of the transect

was recorded using a topograph and theodolite in the
.manner described by Boorman & Woodell (1966).

Penetrometer. Quadrats 25 x 25 centimetres were placed

contiguously along the transect; the starting point was
so arranged that abrupt changes in vegetation at path or
track edges coincided as near as possible with boundaries
between quadrats. Three penetrometer positions were

arranged at right angles to the main transect line at
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each quadrat position, one in the centre and one 5 cm

away from each side of the quadrat. The penetrometer

wag driven in to 10 cm depth and the top 5 cm of earth

removed, the point was then driven in a further 5 cm

and a further 5 cm of soil removed, This process was

repeated until the point reached a depth of over 48 cm

below the surface. In the case of the centras reading

the turf was left in position and the earth was removed
by 'mining' from outside the quadrat.

The average number of hits over each 6 cm depth
was recorded for each quadrat and these figures were

then written in vertical columns on the transect diagram

under the appropriate surface levels. The lines connec-

ting areas with similar hardness were then fitted by eye.
The fact that the horizontal changes in hardness were

of the same magnitude as the vertical changes is con-
sidered to justify the placing of vertical contours,

althougnh no horizontal readings of hardness were made.

Vegetation sampling. The 25 cm sqguare turves were

removed by cutting around the outside and then under-
They were then

cutting from one end with a large knife,
placed in polythene bags and kept in a deep freeze at
beiow -20°C. until the above ground portions of the

species could be separated, dried and weighed,
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Nomenclature of the dicotyledons follows
Clapham, Tutin & Warburg (1962); sedges, Jermy &
Tutin (1968); grasses, Hubbard (1968); bryophytes,
Watson (1966); and lichens, Dahl (1968).



RESULTS ANMD DTSCUSSION

General Surveyr

- QOrdination. The stands were first ordinated to examine

the degree of vegetational homogeneity of the site
samples and their relationship with the environmnental
parameters, in particular with the factors that reflect
the degree of trampling. Principal conponents analysis
using a correlation matriz between species was chosen
for the first analysis because of its known character-
istic of centring around stands of low species nwaiber,
It was thought that one of the ways that tramrling would
become apparent was by the death of the unresistanrt

spe cies and consequent reducticon of species number in
worn stands. The use of a correlation matrix between
species has the advantage fhat a species ordination is
elso available for use in the autecological studiesy,

The reciproccal averaging technigue was used as a poly-
thetic noa-hierarchical classification method to separate

the wet from the dry stands.

P.C.A. ordination of all stands. The firest two axes of

the principal components stend ordination are shovn in
Fig.,2-1. The stands froi the same sites are connected
by lines with arrows pointing from undisturbed stands
towards the associated worn arcas. As shovn in the

schematic diagram in Fig.,2-la, the effect of trampling,



Ordinations of survey vegetation data.

a) to d) Principal components ordination of all

survey stands,

a)

b)
c)
)

Stand numbers, The lines connect stands that

were situated at the same site and arrows point
towards the stands subject to most wear.

Continuous lines indicate track sites and dotted
Lines indicate footpath sites.

Soil bulk density g.cm_3,given to first decimal place.
Percentage volume of soil water content.

Scil penetration resistance in L.P.I. given

first decimal place,

e) and 1) Reciprocal averaging ordinstion of all

svrvey stands.

e)
1)

Stand numbers.

Percentage volune of soil water content.
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with few exceptions, is to drive the stands towards the
centre of the ordination., This means that the environ-
mental. parameters whose contours are arranged concentri-
cally around the ordination centre are associated with
trampling while those with contours that traverse the
centre are independent of this factor.

The extreme stand 46 was a naturel area adjacent
to a footpath through the fore dunes (stand 36) and con-
tained five unique species. It is interesting to ncte
that even in this extreme site trazmpling has produced a
path stand that is comparable with the other Jdry path
stands, 3Stand 24 at the other extreme was very species
rich, having 38 species of which four were unique. (See
the Species/3tand matrix, Appendix 1l). In Fig.2-1b the
bulk density contour including all’ stands over 1.4 g¢cm"3
is ccncentric to the cent.e of the ordination, while the
collected vigter content contours {(Fig.2-lc) tend 1o be
perpendicular to the bulk dernsity contours. This suggests
that bulk density is associated with species number and
hence the effect of trampling and vehicles, while the as0il
water content is more independent of this factor in the
low bulk density areas but tends to be influenced by it
in the region of the high bulk density stends. Uhe
division of stands into subjective groups of different

types of wear (Paper 1, Fig.l-4) is not reflected in
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this analysis of the vegetation but wear itself hus a
clear influence.

The second point to emerge is that water content
and bulk density both appear tc be associated with the
distribution of stands, the implication being that in
the areas investigated trampling is at least as impcr-
tant ecologically as water content.

Stand lcg penetrometer impacts (Fig.2-1&) sxe
distributed in & similar manner to stand bulk density
tut the areas of an L.P.I. over 1.0 tend to be twisted
towards alignment with the water contours, This is
expected in view of the known influence of soil waier on
renetrometer readings. Principal Components Ordination
of 821l stands except the three extreme ones (24, 35 and
46) did not improve on the original ordination.

Reciprocal averaging ordination of all stands, This

technique produced two clusters of stands arranged along
a wet to dry gradient corresponding with axis 1 (Figs.
2-le and f). The second axis groduced a cluster with
the two fore dune stands (36 and 46) separated from the
rest. Axis three spread out the wet stands and tended
10 be associated with hardness and species numbers, The
principal cbmponents ordination was judged to be better
for the interpretation of trawmpling effects bLul Recipro-

cal Averaging provided a good classification into wet
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and dry -stends for separate znalysis; the division was

made a2t the mid point of axis 1, This grouping was in

good agreemsnt with the subjective classification into
wet and dry stands based on the vegetation, see Table 2-1,

Frincipal Components Ordination of wet and dry stands
separataly,

The dry stands wers ordinated without the

aberrant stands 24 and 46 and the wet ones without stand

14. The associated stards are shown in Fig.2-2a; there

ie a tendency for the most worn stands to form groups,
at the left side of the dry stand ordination, (i), and

in the top right hand corner of the wet stend ordination,
(i1).

The bulk density contours in Fig.2-2b run at

right angles to thes 'direction' of wear as was the case

in the ordination of all stands, The L.P.I. contour in

Tig.2-2c tends to be similer in the wet stands (ii) but
is almost at right angles to those of bulk density in
the dry stands (i). This suggests that some factsr other

than Lulk density was affecting the L.P.I. in the dary

ereas, That this factor is likely toc be water content,

or some phenomena essociated with it is shown by the
fact that the contour dividing the dry stands into
those with more or less than 9% water content (Fig.2-24

(1)) is similar to the L.P.I. contour. However, the

lines representing the effect of wear (Fig.2-2a) all

cross from low to high water contents except that



Division of stands into wet and dry groups

Table 2-1

according to various criteria

Dry stands Wet stands
1. Subjective 1 11 21 31 41 2 1l2 22 32 42
field 3 13 23 33 431 4 14 24 34 44
asgsessment 5 15 25 35 45| 6 16 26 237 47
9 19 29 36 46} 7 17 27 38 48
10 20 30 39 49/ 8 18 28 40 50
. 1 11 21 31 41| 2 12 22 32 42
2. Measured - 13 23 - 421 3 - - 33 -
soil water - = - = dAr 4 14 24 34 -~
content 5 15 25 - 451 6 16 - 35 -
- 18 26 36 46y 7 17- 27 - -
9 19 29 37 478 - 28 38 48
10 20 30 39 49| - - - 40 50
3, Phytosocio- | 1 11 21 31 41} 2 12 22 32 42
logical 3 13 23 33 431 - 14 - - -
Reciprocal 4 - 24 34 441 6 16 26 - -
averaging 5 15 2% 3 451 7 17 27 38 48
ordination 9 19 29 36 461 8 18 28 40 50
10 20 3C 37 471 - - - - -
- = = 39 49 ~ - - - =
4., Phytosocio- }- 1 11 21 31 41| 2 12 22 32 42
logical - 13 23 33 4313 =~ =~ = =
Association - = 24 34 44} 4 14 - - -
analysis., 5 15 25 35 45| 6 16 26 36 46
Williems and - - = 37 47y 7 17 27 = -
Lambert - 19 29 39 49} 8 18 28 236 48
(1959) - 20 30 40 -9 - - -~ -
10 - - - 50

Dry stands sampled when raining

3 13
10 20

23
30

36

46




Fig.2-2

Principal components ordination of wet and dry

‘<

stends separately.

a)

b)

d)

Stand numbers., The lines connect stands that
were situated at the same site and arrows point
towards tne stands most affected Ly trampling.
Continuous lines indicate track sites and dotted
lines indicates footpath sites. .
Soil bulk density in g.c:m"3 given to first
decimal place,

S01l penetration resisvance in L.P.I. given %o

first decimal place.

Percentage volume of soil water content.
(i) Dry stands

(ii) Wet stands
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between stands 40 and 50, It should be noted that water
content is associated with ogposite effects on the L.P.T.
and bulk density of the subjective groups, (ses Figs.l-1Ca
and b).

The fact that these differences are reflected in
the ordination suggests that the vegetation may be in-
fiuenced by trampling in a different way in the wet and
dry areas.

Classification

Association analysis. This classification again

emphasised the importance of the two factors of water
supply and trampling shown by the ordinations, and gave
some informaticn about the species upon which divisions
were made (Fig.2-3).

The first division was made on Thymus drucei,
This species is knovn gg:é?éﬁef drier areas (Willis e%
al 1959) and tends to be associated with stanas contain-

ing higher numbers of species, Both the second divisions

on Prunella vulgaris tend to correct 'errors' introduced

by the combination of dry stands with high species num-
bers at the first division; +the A4ry groups are now
asscciated with low species numbers. The + Prunella
groups include half of tho twenty undisturbed stands and
none of the ten severely worn stands., It should bz noted

that stands 12 end 14 viiich occur in the right hand



Fig.2-3
Association analysis with stand numbers, mean
percermtage volume soil water content and mean
species number per stand. Figures on left of
columus give mean volwaetric water content and

thicse on lhe right give mean species nuwber,
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+ Prunella group were not in use by cars at the tims of
the survey, although the ground was compressed and rutted,
Thus the first two ranks of the hierarchy have rein-
forced the importance of the water and trampling factors

and incidentally shown tnat Prunella vulgaris is a

moisture loving pilant, very sensitive to trampling.

The divisicn of the dry stands on Anthoxanthun

odoratun associates this species with disturbed areas,
end the right hand division of the wet stonds geparates
the gingle aberrant fore dune stand 46 from the highly
worn greuvp.

The division of the + Anthoxanthum stands on

Trifclium repens again seperates lower Irom higher

specics numbers and may reflect variation in the amount
of wear received by the stands as 15 and 27 were
apparently not subject Jo heavy usage. The division of

the - Centaurium stands on Juncus articulatus separetes

dry from wet worn stands all with 1ow sSpecies numbers.
The classification tends to confirm a subjective
assessment of the stonds and it emphasises the relation-

ship of Anthexenthum odoratum with disturbance, a point

that was not clear from previous data.

Subjective site categoriss. Many workers have Tround

it convenient to divide vegetation wear intc subjective

categories based on a visual estimate of wezar and in
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this ‘case thé amount of vegetation cover and spocies
number (Figs.2-4a and b) show that these groups are also
distinct in respect of these parawmeters. The same point
has been made about the soils in Paper 1 so it is reason-
able to use these categories as a means of grouping the
specieé.

The picnic areas and footpaths shoyed similar
s0il characteristics to the car tracks but their vege-
tational data group them more closely with the unworn
natural vegetation. This suggests that the vegetation
is more affected by the superficial wear eand mechanical
damage imposed by cars than by the soil bulk density and
hardness chenges associzsted with trampling and vehicles.

Species nunber, The fact that the species number and

total cover of each group have & similar pattern, Fig.
2—4, sugegests that either measure would tend to give
similar resuvlts; this, together with comments of
previous workers, adds weight to the decision to use
presence/absence data for this survey. This measure
does not, however, reflect the behaviour of any one
species in different stands,

There is a sligh?t tendency for fewer species to
occur in wet areas, but it is only significant in the
B (Picnic) areas, Table 2-2. There is also = gréater

variability in the D (TFootpath) areas, probably due to



Fig.2-4
Vegetation data of the subjective
e) Percentage cover
b) Species number
© mean
I two standard errors

)
! range
1

ostand groups.
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Species number in relation to soil water

Subjective site category

A B c D B
Dry x 8.3 17.8 22,2 21.0 24

Stands S.5. 1.1 1.7 1.8 3.2 2.6
Wet X 6.3 12.5 20.3 23.3 22.3
Stands S.E. 1.4 1.6 5.8 5,2 2.2

-

U Q wWw >

jcal

track

footpaths

picnic areas

adjacent 'natural vegetation!'

adjacent 'natural vegectation'
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differences in intensity of use. Bellamy et al (1971)
found that vehicles caused greater damage to vegetation
in wetter areas and this finding agrees with theirs. In
the sand dunes, however, when the water table is near
the soil surface it prevents the formation of large blow
outs and the total effect of wear on the environment is,
in fact, more severe in the drier areas.

The distribution of species in relation to trsmrling,

The mean bulk density and volumetric water con-
tent of the soils in which the common species occurred
wes plotted on the species crdination and this was used
as a basig for grouping the plants into those associated
with high or low bulk densitizs, 87 and 36 species
respectively, and low (48 species), medium (42 species)
or high (3% species) water contents, Table 2-3. The
large number in the high bulk density class suggests that
many species arc able to survive or establish in the
trampled areas.

The species occurrence in the five subjective
classes and the freguency in the dry or wet stands
of each class is given in Table 2-4. The species
distribution was ag follows : on tracks (i), 32
s cies; on footpaths but not on tracks (D-A),

45 species; on picnic areas but not tracks or

footpaths (B-(4 + D)), 16 species; only in untrampled

vegetation (C + E)=(B + 4 + D), 30 species. The tracks



TABLE 2-3

Species groups based on principal
components ordinaticn of species

High Bulk Density » 1.5

Low Bulk Density (1.5

Water

content

Equisetum palustre
Viola canina

Viola tricolor
Cerastium atrovirens
Honkenjja peploides
Arenaria leptoclades
Ononis repens
Trifolium dubium
Trifolium arvense
Sedum anglicum .
Euphorbia portlandica
Zuphorbia yparalias
Centaurium erythika
Thymus druceil

Galium verun -
Cirdium arvenss
Crepis spp indel.
Taxraxacum officinale
Teraxacum laevigatum
Veronica gpp 1delV
Bromus mollis

Festuca ovina

Festuca rubra

Vulps membranacea
Catapodium marinum
Aira pracecox
Ammophila arenaria
Agrostis tenuis
Fhleun arenarium
Ditrichum flexicaule
Tortula ruraliformis
Thuidiuwn abietinum
Thuidium philibertei
Amblystegium serpens
Camptotheciun lutescens
Brachythecium albicans
Lophocoles bidentata

Veronica chamaedrys
Senecio jacobea
Luzula campestris
Climacsum dendroides
Pseudoscleropodium purum
Hypnuna cupressiforme
Rhytidiadelphus
triquetrus