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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
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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



-33=-
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.
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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



-36—-

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.
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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,




54—
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



PAPER 2
THE TRACK AND PATH VEGETATION IN THE ABRRFFRAYW SAND DUNES

CONTENTS
Page
INTRODUCTION ceiesees 63
MATERIALS AND METHODS ceceees 66
General survey ceesevse 66
Site selection ceecess BB

Vegetation sampling ceesene 66

Transect records cevases BT
Site selection cessese 6T
Surface profile P Y 4
Penetrometer ceesses OT
Vegetation sampling eesesas 68

RISULTS AND DISCUSSION esecose O
General survey ) ce: ses 10O
Ordination sesesvs 10
. Principal components analysis of all stands .. 70
Reciprocal averagiuge of all stands cesncse 12
Principal components analysis or wet
and dry stands separately ] eoeevee 13
Classification
Association analysis cecscss T4
Subjective site categories cecsres 15
Species number P £
The distribution of species in relation
to trampling coeenee 17
Track and path preference index ceeeees 18
Preference of various 1life forms cevsees 19
Transect records vesscses OL
Data on selected species esseees 86
GENERAL DISCUSSION eeesssss 88
REFERZNCES sseesse 92
APPENDIX 1 following p.95

APPENDIX 2. eseeses 96



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



64
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.
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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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. o
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
Rhytidiadelphus
squarrosvs
Cladonia furcata
FTeltigers canina
Cladeonia spp wdel”



TABLE 2-~3 CONTINUZD
High Bulk Density - 1,5 ILow Bulk Density ¢1.5

Water
content
more
than 10%
and less

than 20%

Sagina ncdosa
Erodiuvm glutinosum
Rubus fruticos&’egg.
Centaurium littorale
Plantago major
Plantago coronopus
Bellis perennis
Leontodon zutumnalis

Leontodon taraxacoides
Cf.Souchus oleracegus

Heiracium pilosella
Crepis capilleris
Poa pratensis
Cynosauvrus cristatus
Roeleria cristata
Sieglingia decumbens
Ceratodon purpurius
Bryum argentium

Brachythecium rutabulum

Riccardia pinguis
Pellia endivifolia

Ranunculus bulbosus
Polygala vulgaris

Cerastium holostroides

Linum catharticum
Trifolium repens
Lotus corniculatus
Lotus pedunculatus
Fotentilla reptens
Rumex acetoeslla
Anagallis arvensis
Veronica officinalis
Euphrasia brevipila
Plantage lanceolata
Crepis visicaria
Carex arenaria

Poa subcaerulea
Aira caryorhyllea
Anthoxaanthum odoratum
Dicranfum scopariunm
Fruillania tamerisci
Cladenia rengiferina

Watex
content

ovexr

20%

Equisetum verigatun
Fquisetum arvenge
Ranunculus flamula
Ranunculus repens
Anthyllis vulnereria
Potentilla anserina
Hydrocotyle vulgaris
Selix repens
Anagallis tenella
Gentianella amarella
Mentha aquatica
Galium palustre
Hypochoeris radicata
Juncus bufonius
Juncus articulatus

Eleocharis quinqueflora
Eleocharis multicaulis

Prunella wvulgaris -
Pritssia quadrata
Iiocolea badensis
Ezvernia prunszstri



TABLE 2-3 CONTINUZD
High Bulk Density;l.5 DLow Bulk Density{l.5

Isolepis setacRa

Carex flacca
Weter Carex nigra

Poa annua
content Holcus lanatus

Agrostis cenina

over Agrostis stolonifera
Brywapseudotriggtrum
20% Cratoneuron filicinum

Acrocladiunm cuspidatum

Brachythecium glarfosum
Riccardia sinuata



TABLE 2-4

Number of occurrences of species
in each subjective group

A ‘trackxs, B picnic areas; C adjacent
vegetation, D footpaths, E adjacent
vegetation, 4 dry stands, w wet stands

Species that occurred on tracks

o

Place of occurrencs B C

-{od

€
=

=

Viola canine

Sagina nodcsa

Ononis repens
Trifolium repens

Lotus corniculatus
Potentilla anserina
iPotentilla reptans
Thymuo drucei

; antago major

‘Galium verum

| Bellis perennis

| Leontodon autumnalis
*Leontodon teraxacoides
‘Cf.aoachus oleraceous
'Taravacum officinalts
Taraxacun laevigatum
Juncus artviculatus
Carex flacca

Carex arenaria
fegtuca rubra

Poa annua

Poa pratensis
Anthoxanthum odoratum
Amnophila arenaria
Agrostis tenuils
tAgrostis stolcnifera
{Sieglingia decarpons
iTortula ruraliformis
;Acro»ladlum cuspidatum
i Camptothecium lutescens
! Brachythecium albicans
s Brachythecium rutabulum
l
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TABLE 2-4 CONTINUED

Species that occurred on footpaths but not on tracks

-4 &

B

C

g

b

o))

J-..

=

df

=

[eR

=

<
| R .

=

Equisetum varigatum
Tquisetum earvense
Ranunculus bulbosus
Viola tricolor
Polygala vulgaris
Cerastium atrovirens
Linum catharticum
Tritolium dubium
Trifolium arvense
TLotus pedénculatus
Sedum anglicum
Rumex acetogella
Salix repens
Anagallis tenella
Anagallis arvensis
Centaurium littorale
Veronica officinalis
Zuphrasis brevipila
Prunella vulgaris
Plantago coronopus
Senecio jacoiea
Crepis capillaris
Veronica wspp 1ndel’
Luzula campestris
Carex nigra

Bromus mollis
Featuca ovina

Poa subcaerules
Holcus lanatus
Fhleum arenarium
Dicranium scoparium
Climacéum dendroides
Thuidium philibertei

dypnum cupressiforme

t Prelssia quadrata
|Riccardia pinguis
'TLeiocolea bedensis

Brachythecium glarzosum

Rhytidiadel phus triguetrus
Rhytidiadelphus sguarrosus
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TABLZ 2-4 CONTINUZD

A B C D =
diwialwidiwlajw)alw
Lophocolea tidentata U R S T I B B I B (R I
Cladonia furcata -t-1=-!2]12!1f{1}-11}1
Evernia prunasteri R B I I B I
Peltigera canina -l el = =] =1 =1 =] -
Cladonia spp indel NN (U D RNPUR U D T H SRS S [
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Species that occurred on picnic areas
but not on tracks or feotpaths

Bquisetum arvense
Zreodium glutinosum
Hydrocotyle wvulgaris
Centaurium erythréa
Plantago lanceolata
Héiracium pilodella
Juncus buffonius,
Elzocharis quinqx%lora
Isolepis setacka
Cynosgurus cristatus
iKoeleria cristata

Aira praecox

Ceratodon purpursus
Bryum argentlium
Pgeudoscleropodium purum
i Pellia erdivifolia
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TABLE 2-4 CONTINUED

N

Species that only occurred in 'natural vegetation!'

A

‘B

Q

=

3

feh)

<€

~

=

fol}

]
-1 =]
fof

b e

=

[o7]

Ranunculus flamula
Ranunculus repens
Cerastivm holostkoides
Arenaria leptoclades
Anthyllis vulnsraria
Rubus fruticosus agg
Euphorbia portlandica
Buphorbia paralias
Gentianella amarella
Veronica chanaedrys
Mentha aquatvica
Caljum palustre
Cirgium arvense
Hypocliris radicata
Crepis vesicaria
Crepis spp ndel’
Bleocharis multicaulis
Vulpa membranacea
Catapodium narinum
Aira caryophyllea
Lgrostis canina
Ditrichum flexicaule
Bryum pseudotricgtrum
Thuidiuvm abietinum
Ciatoneuron filicinum
Anblystegium serpens
,Riccardia sinuata
;Fruzllania tamariscl
;Cladonia rangifsrina
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and footpaths (A and D) together have 77 species which
again sﬁggests that many occur !'casgsually' in this
situation., However, as 29 of A and D group of species
are not in the high bulk density group from the ordina-
tion and the efficiency of the subjective grouping has

been checked on other criteria this will be used for

further discussion.

occuvirente

Track and path prefersnee index. This figure is based

on the ratio of occurrences of the plants on worn areas
TO occurrences on unworn areas, the occurrence on trecks

being given a2 2 x weightiag as they require particular

resistance to survive these conditions. The index is

expressed on a scale of O to 1.0 and is only valid for
comparisons within the group from which it was derived
(i.e. the data from this survey). The calculation was
carried out as follows :

The total occurrences of the species (or group)

are listed under the site categories in which they appear.

(See Tables 2-4 and 2-6). The ratio of occurrences on

worn areas to total occurrences is then expressed as a
fraction with a 2 x weighting on the A group,(e.g.
20+ B+ D
24 + B+ C+ D + E

The lowest resultant figure in the group was then

subtracted from all the figures giving a range of figures
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starting from O, ZEach figure was then expressed as a
fraction of the highest in the group and rounded off to
. oCcuffrence .
0.1 of a vnit, thus giving a preferenee index ranging
from 0,0 to 1.0. The fact that the subjective cate§ories
have been shown to represent ecological groups suggests
that the index is a meaningful figure.
Q ccwireuece

When considering these mreferenee indices, it must
be borne in mind that there is no indication of how well
a species is growing, Obhservation and commnents by

Wright (1967) suggest that if this were considered,

Festuca rubra would appear es the most resistant species.

Poor representation in natural vegetation will give a
species a higher index than one that does ecnally well
or. paths but better in natural conditions.

O CCwtrence . . . 3
Proference index of various life forwus. The index

(Table 2-5) was calculated on cccurrence of all ipecies
recorded in the survey, each one being classified
according to the life form systewm cf Raunkiamer (1934) as
indicated by Clapham, Tutin & Warburg (1962). It must,
however, be remembered that the ;gg;g:;;;e-index of

species included in the same life form group may vary

markedly as in the case of Bellis persnnis and Potentilla

reptang, both of which are grouped as rosette hemicrypto-

Occirrrencse

phytes, but individually have prefevenee indices of 1.0

al’ld 004’0
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O courrence
Preferenes index 0.8 to 1.0. The high index value of most

of the hemicryptophytes is not unexpected; Bates (1335
and 1938, considers that this is probably dve to the
protected position of the buds, and in the case of the
grasses to protected growing apex. But the increase in
tiller numbers as a response tc trampling (Paper 1,
Fig.l-13) suggests that the apex may be damaged and sur-
vivel be due to high tillering capacity. The high resis-
tance of woody chamaephytes is ndt expected and is due
to the fact that this group is represented by one

moderately resistant species,Thymus drucei. A discussion

of i1ts characteristics can be found in Appendix 2.

Qcennrrence

Droferenece index 0.5 to 0.7, This group contains many

vascular plants and all bryophytes and lichens: +these
are all affected by trampling to some extent. The lower
resistance of acrocarpous mosgses when conpared with
pleurocarpous mosses is'probably due to the former's
upright habit, meking the stem more liable to breakage.

The P.I. of lichens is higher than expected, the resis-

tant specics being Cladonia furcata and Peltigera cenina,

This mey in part be due to the flexibility of these

structures when wet; Peltigera canine has been obsarved

to survive considerable trampling in this condition.

OCLOL Ffrence

Preferenee index 0.0 to 0.4. The gecphytes in thise

survey were all fquisetum spp and their very low resis-~

»
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tance is probably due to the brittle nature of the stem
which may well be irreparably damaged by a single tread.

The single nanophanerophyte was Salix repens,

The relatively upright habit exposes this plant to the
full mechanical effects of vehicles and treading and

this, together with the liability of woody branches to

snap, could accouunt for its low resistance.

The low value for therophytes may be an artefact

a3 the survey was carrisd out in June/August after the

majority had flowered., They uney, however, owe their

lcw resistance to shallow, easily displaced rooting
systems, especially in dry areas, and the fact that the
seedling roots have to penetrate the hard soil surface

which is very marked on tracks in wet areas,

This life form study agrees with the general

theories of previous workers such as Bates (1538a).
Transect records,

The surface profiles of the track

(transect I), footpath (transect II) and cattle =2nd she D
path (transect III) show the‘lateral distribution ch.rec-
teristic of these features (Figs.2-5, 2-6 and 2-7). 1Tk
decp impression enc the two wheel ruts with ill-defired

edges can be seen on most car tracks in dry areas

(Fig.2-5). The wide lateral syread of the footp=th
(Fig.2-6) with a central slightly depressed region shows

6 similar distribution to that of people on footpaths



Fig.2-5

Transect I car track.

a) Surface profile and vertical contours of equai
soil penetration resistance, Number of hits for
each 6 cm depth indicated by contours. Vertical
scale exaggerated 25 times, '‘heel' diagram shows
width of average car.

b) Galium verum

c) Thymus drucei

d) Carex arenaria

e) Testuea rubra

f) Poa pratensis

g) Agrostis tenuis

h)

Cemptothecium lutescens - - -~ Brachythecium

albicans

i) DPercentage of total dry weight ——— Festuca rubra

~ - -Poa pratensis s+c«¢r Aorostis tenuis

i) Rosette plants

K) DTercentage monocotyledonous species

1) Percentage dicotyledonous species

m} -—- species number ~ - --diversity index
n) Total biomass dry weight

0) DPerceantage of resisgstant species
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mrensect II footpath.

a)

)
n)
o)
p)
q)

Surface profile and vertical contours of equal
80il penetration resistance. Number of hits for ‘
each 6 cm depth indicated by contours, Vertical
Scale exaggerated 25 times.

Bellis perennis

Galium verum

Trifolium repens

Thymus drucei

Luzula campestris

~—— Carex flacca -- - - Carex arenaria

Festuca rubra

Poa pratensis

Amnophila arenaria

Arostis tenuis

Camptothecivm lutescens - - ~ Bryum Spp

s s 4w

-+ -« —~+ Torjula ruraliformis

Percentage monocctyledonous species

Percentage dicotyledorous species

species number — - - diversity index

Total biomass

Percentage resistant species
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Transect [IT sheep and cattle track.

a)

b)
c)
)
e)
)
g)
h)

4

J)

c)
1)
u)
n)

c)

-

Surface profile and vertical contours of equal
soil penetrationresistance, Number of hits for
cach 6 c¢u depth indicated by contours. Vertical
scale exaggerated 25 times.

Bellis perennis

Galium verum

Trifolivm repens

Luzula canmpestris

-—— Carex flacca ~- - - Carex arenaria

Festuca rubra

Poa pratensis

Aorostis tenuis

posave

SquaLlr'osus

Fercentege monocotyledonous speciles
Tercertage dicotyledconous species

~=———- gspecies number -- -~ diversity index
Total Dbiomass

Perceitage resistant apecies
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shown by Bayfield (1971) and Goldsmith et al (1971).
The deep vertical sided cattle track (Fig.2-7) is of
the type described as typical by Bates (1951).

The generel distributiorn. of compressed zones as
shown by the penetrometer readings was similar at all
three sites with the.maximum rveading beneath the most
impressed area of track at a depth of 12-18 cm, except
under the animal track where the reading was distorted
by a clay layer. The surface 1éyars may have been moved
by the horizontal torque forces exerted by feet (see
Harper et al 196;) and wheels (Freitag 1968) thus pre-
venting maximum compaction being retained at these levels
this effect was alco noted by Arndt & R.se (1.966).
Below 18 cm depth the soil on sites I and II became
less compacted with increasing depth to the lowest
level measured,

The maximum readings were 38.5, 23.7 and 33.0 cn
’transects I, IT and III respectively, the footpath only
reaching two thirds of the compaction under the car
track (L.P.I. 1.59, 1.38 and 1.52 respectively). The
lateral spread oif compaction beneath the scil is parti-
cularly evident at transect I (Fig.2-5) and suggests
that the influence on deep rooting plants may be wider
than the apparent width of the tracx. This effect was

not obvious st the other two sites.
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The total biomass of the above ground part of
the vegetation is reduced in the centre of all transects
and at the extreme end of I and II (Figs.2-5n and 2-6p).
The reduction in the centre may be predicted from casual
observation, the peaks in the marginal areass agree with
observations made by Randerson (1969).

When distribution of individual species is
examined two principal forms are observed, a unimodal
cne with the peak in the centre of wear (or bimodal on
transect I), and a bimodal one with the peuks at the
side of the paths (or trimodal on transect I). The

former distribution ig chown by Brachiytheciuvm albicans

on transect I (Fig.2-5h), Agrostis tenuis and most mono~

cotyledonous species and the sum of resistant species on

“< S‘\OVJV\

III (Fig.2-Ti, k and o). The latter by most dicotyle-

donous species, Poa pratensis, Cemptothecium lutescens

" and Festuca rubra cn II (Figs.2-6n, i, e and h) arnd by

‘rosette plants on I (Fig.2--5j). Resistant specics and
monocotyledonous speciecs show an unexpected trimodal
distribution on transect IT (Figs.2-6q and m) which
suggests that they are not so successtul under moderate
levels of trampling. It is probable that they succeed

in the conpetition for light away from the path Ly virtve
c¢f their taller growth; moderate trampling breaks the

taller structure but it is not sufficient to damage the
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dicotyledonous species. Towards the centre where tlhe
trampling is greater the protected apices and inter-
calary meristems again give the monocotyledonous species
an advantage.

Diversity which gives an indication cf the even-
ness of the community (Hill 1972F and species number
show a generally similar bimodal distribution except on
transect I (Fig.2-5m) where diversity is relatively
uniform but reaches the highest point in the centre.
This indicates that as the number cf species have Teen
reduced by wear, o the total biomass has been sharcd
more equally between them, possibly due to a reduction
cf the interference between species. This could be inter-
preted as a more efficient use of the resources remaining
available to the plants. Crocker (1953) considers that
heavy grazing creates vacant ecological niches which are
occupied by less palatable species either from within the
ccmaunity or from outside; trampling appears to have a
gimilar effect. But if the occupying species is from
within the community then an existing niche has been
expanied in area at the expense of others rather than
a new one created and the trampling has imposed aniform-
ity on the environment. This could produce a less diverse
comnunity and may be the condition creasted by cxitreme

weay in the centre of the ruts and on the path. The
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fact that poth species number and diversity have been
reduced by trampling, except diversity at *he edges
and centre of transesct I, is contrery to the cexpectaticns
of both Westheff (1967) and van der Maarel (1971) who
consider that moderate trampling mey increase species
diversity, but this mey be due to grazing having an
effect on the whole area similar to that of light
trampling.

There was generally a betfer correlation between
plants and soil penetration resistance et 6-12 cm depth
than any other level,so this depth will be used in the
following discussion. (It is not thought that this
relationship is directly causal with mos{ species as
nany have their roots only in the surface layers). The
percentage of dicotyledons and monocotyledons best
sumnarises this relationship, and is illustrated in
Figs.2-8a end b, In thgzi;;;r part of the curve dicoty-
ledons increase and monocotyledons decreuase with in-
creasing peneilration resistance, but this relationship
is reversed above a penetration resistance of éé:ﬁ.

A similar relationship emerges for trznsect II
(Figs.2-8d and e) but transect IIT {Figs.2-8g¢ and h) hes
insufficient points to show a clear pattern; there is
apparently more trcading damage at lower soil penetra-

tion resistance. Percentage resistant species show a



Fig.2-8
Percentages of monocotyledonous species, dicotyledon-
ous species and resistant species plotted against soil
penetration resistance between 6 and 12 cm depth,.
from each of the three transects.
Transect I with the greatest range of soil penetration
resistance.
a) Monocotyledonous species
b) Dicotyledonous species . o
¢) Resistant species
Transect II with relatively low penetration resistance.
d) ilonocotyledonous species
e) Dicotyledonous species
f) Qesistant species
Transect IIX with intermediate penetration resistance.
g) Monocotyledonous species
h) Dicotylesdonous species
i) Resistant species
& mean of all occurrences in each group of

10 penetrometer impacts
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level . . . .
ap phase and then a steep increase with increasing

hardness (Figs2-8c, f and i). They may differ from
monocotyledonous species in having a low representation
in unworn vegetation and from dicotyledonous species in
their high proportion in the worn arees.

The principal points to emerge from this work are:
1. That high compression of the soil extends ocnly +to
about 40 cm depth and has its peak at 18 cm.

2. That lateral spread of compression is limited bat

that it does occur,

£
3. That monocotyledon/dicotyledon ratio increases end

then is reversed by heavy trampling.

The implication of these results is that by
changing the amount of trampling that is alloweld to
occur the type of vegetation produced can be manipulated
and could, therefore, be 2djusted for conservation pur-
poses or to suit the preferences of visitors,

s . Occuwreu(’(
Lava on selected species. Table 2-6 gives the ‘'Erofer-

eree Index' for the 30 species that occurred in ten or

more stands in the general survey., Figs.2-%a, b and ¢

give so0il parameters associated with the occurrence of

the same species: the mean bulk densities at which

species oocurredoshow similar distributious to those
ccu rren(e

given by their 'Preference Index', Speciee with a B.I.

greater than08 21l occurred at a mean bulk density of
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Fig,2-9
S0il data for each of the common species.
a) S5oil bulk density g.cm™3
b) ILog soil penetration resistance

¢) Percentage volumetric soil water content

9 Mean

2 gtandard errors
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over l.2g;cm{3and it is noticeable that thecsc opocios
occurred in wet areas with a mean water content above
15%. This suggests that watering may well be a technique
that would encourage the growth of these species, The
correlation may be directly caused by increased water
coantent allowing faster plent growth.or by such indirect
causes as reduction in soil movement. The soil penetra-
tion resistance means tended to be a combination of the
wulk density and water content; this is probably bYecause

both factors affect penetrometer readings.
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GENCRAL DISCUSSION

The general survey emphacised the importance of
trampling as an environmental factor, The phenomena of
increasing so0il bulk density and penetration resistance

"showed a similar distribution in relation to the vege-
tation as that found by Bayfield (1971) and Streeter
(1971). The resistant species had mostly been described
as such by Bates (1935 and 1938a) ané more recently

LaPage (1967). Taraxacum lasvigetwn and the moss

. Brachythecium albicans have not meviously been noted

as path species.

The tendency for trampling to produce nore mesic
conditions should be interpreted with some caution; a
few measurements of so0il conductivities suggested that
in dry areas there are more nutrients available in tae
intermediately worn areas than on the path or in taller
dune vegetation, This is apparently contrary tc Jold-
smith et al (1970) buv may be due to leaching erfects in
the sandy s=oil. The cor:elation of resistant species
“with higher moisture contents is, however, fairly
evident and suggests that the maintenance of a higher
water table under a path (or directing a pathlot a
higher water teble) may be a good manacgement technique
for the drier dune slacks. The addition of nutrients
is congidered ia a later paper; it should bhe borne in

mind, however, that this particilar dune system is very
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calcareous and, as Westhcff (1967) points out, an acid
system is much more liable to trampling dawags.

The transect data shed an interesting light on
two related aspects of the conseguences of trampling.
The relationship between species number and a diversity
index that considers the standing crop of these species
suggests that the initial effect ol trampling may be %o
reduce interference between plants or simply reduces the
Gdominant species. Some species may, however, have a
higher turnover and, in fact, be utilising more of the
resources than standing crop measurements suggest. he
discussion in Herper (1371) of species relationships in
g hypothetical wixed community illustrates this type of
interaction and the dominant species in this case are
the monocotyledons. The related aspect is the increase
in the percentage of zesthetically pleasing dicotyledon-
ous species with moderate amounts of tramplirg. Fiom the
point of view of managing thess sand dune pasturcs for
\recreation, total exclosure and prevention of all wear
on some ereas may be as detrimental as the destruction

of all the vegetation.

The main generalisztion that can be made from
the autecological information is the comnon occurrence
of tussock forms on paths end tracks. The tussock form

has the following advantageous features :
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1. Most tillers or shoots leave the ground at an angle.
2. The closely spaced inner shoots or tillers cushion
each other when under pressure, and the meristems are
less likely to be damaged. (Broughem et al (1960) have
shown that grazing acts as a selection agent for higher

tiller numbers in Lolium perenne x L. multiflorum).

3. The root mass heneath the tussock has a high elas-
ticity and this cushions the shoots when ocompressed
ficm ebove,

4, Ths short rhizomatcus connections facilitate the
transport of assimilates to young or damaged shoots
(Nyshoga 1971).

When ths species considered resistart by other
workers are examined a large number are found to be
tussock formers and Leck (1972) fownd that this form
was resistant to grazing and trampling by hippopotamuases.

Westhoff (1967) comments that the vegetetion
_characteristic of ecotones is also found oa paths and
that a path is itselfl a special kind of ecotons with a
sharp gradient of weszr from ‘the centre to the edges.
This hypothesis is rather hard to test as paths have a
sendency to follow a vegetational boundary and the
question becomes a semantic one of ‘'are all pathy eco-
tonee or all ell ecotones paths?' The idea, however,

is worth noting especially whken reading phytescciological
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literature and may well prove useful in practice.
Throughout this study, which was carried ocut in
the field from June to October 1970, there has been no
mention of the age of the tracks and paths. A set of
aeriel photographs teken in 1960 shows very few routes
within the dune system and the majority of the sites
are probably less than ten years old (Paper 1, Figs.la
and b). There is, therefore, a possibility that con-
ditions are not yet stable and this should be considered

when comparisons are made with other dune systens.,
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APPENDIX 2

Autecological discussion of selected species

Dinum catharticum L. L.?.I. 0.96, B.D. 1,14 g.cm_3,

DCI. O.O’ 7‘!’ }izo 1308.

This was the only annual to occur in any quantity
during the survey and tile reason is probably that other
dune annuals all grow earlier in ihe yesr and the dead
remains would be easily destroyed by treading. Westhoff
(1967) describes this as a species typical of ecotones
end, in fact, tracks unused in winter often have large
numbers of annuvals growing on them, probably because
they provide small areas of open grcund suvitable for
the germination and establishment of seeds. The pre-
sence of tnis species also agrees with the cal.carcous
nature of these dunes. ,
Trifoliwa repens T, IL.P.I. 1.12, B.D. 1,16 g.cm™3,

2.I. 0,7, % H5C 18.6.

This was able t2 survive treading much better
than wear by cars. This is shown in Table 2--4. Harper
(1969) gives data indicating that haréd spring grazing
favoured this specics and molderate trampling must
involve some of the effects of grazing., Ilany workers
have ncted an increase with treading including LaPage
(19£7), Gillham (1956), Davik (1938), WesthofZ (1967)

end Bates (1935) who comments 'except on dry sandy soils';
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this agrees with its absence from drier transect I.
However, his observations were made lergely on aciad
soils. Hs also suggests that it is intolerant of low
light conditions in high swards; +this appears to be a
general dicotyledonous feature, Bates (1934) observed
that treading reduces leaf size and suggests that this
is due to a reduction of root system and consequent
limitation of water supply. Whisler et al (1965) state
that even slight soil compactioﬁ reduces the nitrates
produced in the soil and this could account for the

success of Trifolium repens with its associated nitri-

fying bacteria. Streeter (1971), however, found that
the level of scil nitrogen was increased by moderats
trampling. Gilchrist (1906) (c¢f. Harper 1971) noted
thaet increasing phosphorus also increased the quantity

of Trifolium repens in a sward and Strezter (197L1) record-

ed an increase in this element with moderate trampling,
80 this provides an alternative or additional hypothesis
to explein its presence. Snaydon (1962) found an asso-~
ciation with high Ca*™ eand i values, which are also
present at Aberffraw. However, Bates (1934) also found
that lower pH restricted root growth and Goldsmith et al
(1970) found a tendency to lower pH in trodden areas,

ne final situation is clearly the result of a complex

of factors that may produce favourable conditions under
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moderate trampling but adverse effects become dominant
as pressure of use increases. It can, therefore, be
considered a vegetative coloniser.

Potentilla anserina L. L,P.I. 1.18, B.D, 1.22 g.cm"3,

P.I. 0.9, % Hy0 28.7.

Occurs on tracks as small rosettes but stolons
do not appear to survive. This plant is also one that
Westhoff (1967) considers as typical of ecotones bdut
Bstes (1935) states 'it does not, however, tolerate much
treading! .,
Pctentilla reptans L, L.P.I. 1.07, B.D. 1.13 g.cm™3,
P.Y. 0.4, % Hp0 17.2.

The main difference between this species end its
congenor above is its much lower F,I. The main moipho-
logical difference appears to be the longer leaf petiole

anl the folded young leaflets of P, angerina,

Thymus drucei Ronn  L.P.YX. 0.88, B.D. 1.18 g.cm™?,

goIe 0.6; %Hzo 8e3t

This species occurred on footpaths where the
leaves may be stripped from the branches; it does not
survive so well on tracks. This mey be due to the
solfter soil surface in the drier areas where Thymus
occurs cushioning the branches from compression damage
but not from the greater horizontal torque fcrces

produced by motor cars. Streeter (1971) noted its
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disappearance under high visitor pressure &t Box Hill,
Piggott (1955) states that it is favoured by grazing as
tall grasses are removed and it is avoided by sheep,
possibly because of its high phenol content. Thomas'
(l9§é) data shows & reduction in Thymus when the minimum
vegetation height Qas over 10 cm., Watt (1940) found that
it was almost eliminated in his Breckland sheep exclo-
sures, and Willis (1963) found that the increase in
grasses following NTPK fertiliser additions to the
slacks in Braunton Burrows eliminated +this species.

The bimodal distribution on transects I and II agrees
with thisedata; interference from 'natural' vegetation
may be reducing the amount of Thymus while i1 is also
reduced in the worn areas; it thrives only when com--
petition for light is reduced and trampling pressures
are nct extreme and can also be classed as a vegetative
coloniser of paths and tracks.
Prunella vulgaris L. L.P.'., 1.07, B.D. 1.14 g.cm~2,
B.I. 0.3, % H,0 21.9.

This plant does not appear on car tracks and las
a low resistance to treading. Observation indicates that
the upright rectangular labiate stem is especially liable
to breskage, and this may be the only reason for the low
resistance to wear. This species usually fruits during

June, before_the majoxr wear by holidsy mzkers =znd there
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is some possibility that its phenology could allow it

to survive on tracks.
SeneCiO i&CObféa L- I‘.Pan l-Ol, BOD0 1013 go Cm—3,

BoIo 004, % H20 7.20

Bellis perennis L. L.P.I. 1.18, B.D. 1.20 g.cm™>,
P.I. 1.0, % H,0 19.6.

These twe species are considered together because
s suewohael” v B il Yy e

they have a)#eay similar habit,but Bellis cccurs much
mcre frequently on paths. The differences betweeir the
two should indiceate the essential characteristics
required for wear resistance. The following are the
principal morphological differences :
1. The leat of Bellis has a smoother surface and cdge
and ig less liable to damage by crushing.
2. The leaf of Rellis is smaller and less energy is
lost by leaf detachment.
3. The leaf of Bellis has an apparently higher tensile
strength and the cuticle is apparently thicker,
‘4, The leaf of Bellis is angled closer to the ground.
5. Bellis cen reproduce vegetatively by many lateral
btude, wherees Senecio can only produce a restricted
number of units by separation ¢f multiple crowns. It
can, howsver, reproduce from roct buds.
6. Senecio flower is on a longer stem and it may put

more energy into flowering than Bellig.
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7. Bellis can produce a flower very quickly.

Harper & Wood (1957) state that trampling does
not kill Senecio or hinder its establishment as many are
found on paths as in 'natural' vegetztion, These data
may diffep from their observations either becausa Harper
& Wood's (1957) paths were only subject to light tramp-
ling or because of soil differences. The fact that
Senecio does not occur at high altitudes in the north
0f Britein and that it occurs on drier dune soils than
Bellig may point to these factors causing the differ-
ences between the species rather than trampling per se.
Bellis appears to colonise paths by seeding but has
intrinsic resistance to trampling.

Tarazacun officinsle Weber L.P.I. 0.90, B,D. 1.19g.cmJ,

DoI. 007, C;,O H20 8.80

Taraxacum laevigatum (Willd.) DC

L.P.I. 1.10, B.D. 1.16 g.cm™3, B.I. 0.8, % H.C S5.8.
These species showed a high resistance especially

o-!
to cars, T. lmevigatum hag ene—vxit higher P,I., than

T. officinale and differs from it by having dissected

leaves; a similar difference occurs between Fotentilla

anserina and FP. reptans. The leaves are also more appress-

ed to the soi1l. T, Waevigatum is a species that is res-
tricted to lowland areas in Britain and is associated

with high summer temperstures., If this is a causal
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correlation then the fact that tracks tend to have
higher summer maximum temperatures (see Paper 5) may
well affect its distribution at Aberfiraw.

Juncus articulatus Enrh. L.P.I. 1.22, B.D. 1.23 g.om >

?
B.I. 0.9, % HZO 28.3.

This species has the following features that mey

contribute to high resistance to weaxr :

1, Occurs in dwarf form.
2. The semi-prostrate habit of this form likely to
prevent damage by bending the base of the sten.
3. Apex of stem protected until nesxr flowering.
4, ZLeaf meristem not apical.
5. Cylindrical leaf with lignified epidermis preventvs
damage under compression.

' LaPsge (1967) also found & gradual increase of
Juncus (species not determined) as trampling increased.

Qarex Tlecom Schreb, L.P.I. 0,90, B.D. 1.18 g.cm™>

?
P.I'.‘ 005, t;; HQO 23.9.
" Qarex arenaria L.P.I. 0.89, B.D. 1.18 g.cm—3,

».I. 0.5, % Hy0 12.8,

Bellamy et al (1971) found that Carex species
were important in natural regeneration of worn arees
of Arctic tundra, But LaPage (1967) found that an vn-
specified species was eliminsted by trampling dbut most

suthors have found this genus resistant. Chappell et al
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(1971) show an increase of C. flacca in areas subject
to intermediate levels of pressure.

The principal morphological differeaces between
the se two Cerex species are the single shoots of C,
arenaria and the slightly tufted habitat of C. flacca
and the fact that C. flacca often emerges from the

TCosa of a

re
ground at an angle, whereas C. arzsnaria ts usually

upright. Tt is likely that this latter fact accounts
fer the difference in P,I. Excavation has shown that
there is a tendency for the rhizomes of C. flacca to be

killed under heavily used car tracks whereas C. arenaria's

is often rather deeper and may escape injury.

Pestuca rubra L. L.P.I. 0.96, B.D, 1.2 g.cm'3

—

?

E.I. 007’ 7{0 H20 13.6'
This species occurred a3 frequently on tracks

and pszths as Poa praternsis but has a lower P.I, as it

is more common in 'natural vegetation' than the Yoa.
‘The resistance of this species to wear seems to be rated
differentliy by different authors. LaPage (L967) found
that a Fescue (cf unstated species) diseppeared from &
camp ground over =& period of time, Dav§§ (1938) found
that Festucs decreased as & road was approached {and
presumebly treading increased). Bates (1.935) found

?, ovina in nearly all footpath floras he examined but

he later stated (Bates 1938Y) that it does not rscover so
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well from injury as Poa or Trifolium. Hubbard (1968)

considered that F. rubra is a species which is found in
most types of fine lawn and Gillham (1956) found that

it wes among those species that occurred most frequently
on paths in the Pembrokeshire islands, Morrish &
Herrison (1948) elso placed it in the group of species
with highest resistance to vehicular traffic. The
amount of wear to which the species had been e xposed is
not stated except by Morrish & Harrison (1948) and the
type of soil involved is not elways clear. LaFage's
(1967) observations of increasing Juncus and Foe suggest
that the soil was relatively moist and this meyr b2 the
reason for the reduction of Festvcza. There is suffic-
ient evidence to suggest that this species should be
included in seed mixtures sown for regeneration of

drier arezas.

Poa pratensis L. I.P.I. 1.15, B.D. 1.22 g.cu ™,

B.I. 1.0, % H,C 17.1.

Poa subcserwlea Sm. L.P.I. 0.80, B.D. 1,14 g.cm_3,

B.I. 0.3, % Hy0 13.4,

The common appearance of P, pratensis on raths

and tracks was very obvious during this survey end hes
been noted by many authors including LePage (1967),
Bates (1935), Klecka (1937) ond Ddmond (1953). David

(1938) found P. annue on paths and P, pratensis mainly
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neer hedgerows.
The speed of growth may play an important part
in the survival of this species. The principal differ-

ence between the two Poa species ies that P, subcaerulea

is not tufted and the specimens observed off the path
were all quite 1afge individuals with long interncdes,
This may mean that to produce sufficient leaf srea to
survive F. subcaerulea may have to grow taller and is,
tierefore, more liable to be xilled by trampling than

P, pratvensis.

Mosses
Tortula ruraliformis (Pesch.) Dix .

L.P.I. 0.68, B.D. 1.23 g.ca™>, B.I. 0.6, % H,0 9.2.

Camptothccium lutescens (Hedw.) Brid.

L.P.I. 0.93, B.D. 1.16 g.om™>, B.I. 0.5, % H,0 8.0,
Brachythecium albicans (Hedw.) B. & S.

L.P.I. 0.77, B.D. 1.19 g.cn™>, B.I. 0.8, % H,0 9.6.
All records of these species were in fairly dry
‘stands with high bulk density but low hardness, Thitse
data suggests that they were cclonising dry, unstable but
compressed soil; +this suggests that their ability to
cclonise nay account for their presence. The high P.I.

of Brachythecium albicans may be due to its pleurocarpous

hatit buv if this is so then the lower figure for the

closely related Camptotheciun lutescens needs explonatvion,
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THE EFFECTS OF CONTROLLED LEVELS OF TRAMPLING AND
DRIVING ON SAND DUNZ PASTURZ

INTRODUCTION

The previous papers in this series have des-
cribed existing car track and footpath vegetation in
the sand dune system at Aberffraw, Anglesey. The
creaticn of tracke and paths can be considered to take
place in two stages (Burd§n & Renderson 1972).- First,
the existing vegetation is danaged and only the trampling
resistant species survive; soil changes also start at
this time. Secondly, over a longer period the species
that are favoured Ly path conditionsg colonise the new
route or increase in number and a dynamic equilibrium
betwsen vegetation, soils and level of trampling may
be reached,

Previous studies of the effects of trampling, as
distinet from grazing and trampling combinzd, can be
divided into two main groups on the bvasis of the pro-~
cesses Gescribed above, The first group conprise those
where existing situations have been e xanined and an
estimate of past wear may have been made, using parameters
such as soil bulk density or penetrability. (The work
of Bates 1935, Davies 1938, Streeter 1971, Chaprzll 1972
and the first two papers in this series fall into this

category). The other group consists of studies of the
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effects of known levels of wear applied under control
of; or at least measured by, the experimenter. This
type can te sub-divided into three categoriss: experi-
ments carried out using an artificial method of wear on
plants grown under controlled conditions, experiments
‘where either the method of applying wear or the vegeta-
tion was ‘natural', end experiments in which both these
factors were 'nmatural'. A brief account of each of
these groups will give a picture of this field of
resesarch.

Simulated trampling in greenhouse conditions
faulls into the first category. Bayfield {(1971) used

Thleun pratense and an artificial trampler and found

an initial increase of growth up to 10 impacts; and
at higher intensities of wear there tended to be a
straight line relatioasl.ip between reduction in tillers
and leaves per plant, dry weight of shoot and the log

of the number of impacts. The regression calculated
~ from graphs in Beyfield (1971) using

Y = a + b(Loggx)

where y is percentage survival and x is the number of
impacts gave b = -6.4. The regression coefficient of
percentage covér or estimates of a eimilar neture on
the number of impacts, or vehicle or walker passages

provides a possible index of vulnerability for comparison
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of different habitats or methods of wear. The larger
the negative figure the more vulnerabdble the vegetation
igs to ths type of wear being applied. The results given
in Table 3-1 summarise the data presented in the papers
discussed here. Comparisons can be made batween the
tramplers of Wagar (1964) and Bayfield (1971 and btet-
ween the various tracked vehicles used by Bellomy et al
(1971). But the action of the different methods of
imposing wear was not the same and comparisons uetvieen
them should be awvoided.

The second cstegory includes work by Tagar (1964)
who applied wear by means of a trampler to 'natural
vegetation that had alreedy been subject to tranmpling
and found that the log of the dry weight of surviving
vegetation and the dry weight of the surviving vegeta-
tion expressed as a perconlage of the adjacent coatrol
plots was related to the log of the number of impacts.
The technique of expressing the results as a percentsage
~of the adjacent control plots was considered successful
by Wagar (1964), although Cieslinski & Wagar (1970) found
that direct measurements gave hetter results on a wider
'survey. Wagar (1964) found that the dry weight of the
surviving vegetation decreased to about 507 of the
original level at about 20 impacts of the trampler per

week for 6 weeks and remained at this level up to 35



TABLE 3-1
REGRESSION AFALYSIS OF REVIOUS DATA

¥y =&+ bx

y = percent cover, x = number of passages or tramvler
impacts.

Source of Data b a
Wagar (1964) Trampler in field -2.0] 31.9
Bayfield (1971 Trampler in greenhouse | -6.4 | 77.1
Morrish & Harrison (1948)
Car 1,520 kg . -3.6 | 55.9
Truck 18,182 kg -2.4 1 62.5
!
Bellamy et al (1976)
Vehicle with conventional tracks
and grouaser bars. 3,364 kg
Vegetation types Al «9.9 3042
"’.’e‘t A28 "‘8 . 5 4’1 . 9
33 -6.51 T1.7
A2 "'8'4 6103
A4 "'7.6 5807
Cl -6.9 67.0
B4 -8.0 57.2
B2 -7.5 59.6
Bl -7.9 | 45.9
\v 03 -6.6 b902
Dry c2 -6.9 | 68.4
Different weight tracked vehicles
209909 kg "7.9 la6
6,100 kg -7.1 | 66.4
Vehicle with pliable rollers
9,090 kg ~5.1 | 73.8
7,727 kg ~5.6 | '12.4




-110-
impacts per week. Calculation based on the data given
in Wagar (1964) gives b = -2,0. The difference between
this and the results of Bayfield (1971) usirg Phleum
pratense could be due to the nature of the tramp or the
plant material. Morrish & Harrison (1948) tested various

species for survival in the field and Poa pratensis and

Festuca rubra were among the most wear resistant. They

compared the effects of a car weighing 1,520 kg end a
truck weighing 18,182 kg on 'light eilt loam' plots
containing various mixtures of grasses and clovers.
The regression of the mean of the percentage surviving
cover of a2ll types of vegetation on the number of vchicle
runs given in their paper gives b = -3.6 and -2.4 for
the car and truck respectively,

The results of various inteasities of walking on

& wet Calluna-Trichophorun heath community in the Cairn-

gorms are presented by Bayfield (1971). The celculated
slope of the regression of surviving cover on the log of
the number of passages is -4.5. Bellamy et al (13971)
carried out experiments with tracked and wheeled vehicles
on arctic tundra. They showed that the degree of wet-
nese is an important factor affecting the vulnerability
of -this type of vegetation, Higher moisture levels in

a poorly structured silt loam alsoc lead to increased

vegetation danage when trampled by sheep (Edmond 1962).
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Regressions calculated on the data of Bellemy ef sl
(1971) gave a range of coefficients from -6.6 in the
dry sreas to -9,9 in the more vulnerable wet site
(Table 3-1). Their data for tracked vehicles gave a
nearly straight line relationship between the regressicn
coefficient and the weight of the vehicle. Pliable
rollers give a clear advantage to these vehicleg produc-
ing a cocfficient of less than -6 in the same habitat.

The work reported in this paper is an investiga-
tion of the effects of subjecting arelatively untranpled
area of'sand dune pasture to wear by walking and by a
vehicle for a limited period of time; recovery after a
rest period of six months was also considered., State-
ments can be made about the initial response of the
components of this semi-natural vegetation to the effect
of vehicles and walking axd their relative ability to
recover from injury but not about the long term changes
that ocour in path formation. This is considered to
éxtend the various kinds of artificial trampler experi-
ment to the field situation, e.g. Wagar (1964), Cies-
linski & Wagar (1970) and Bayfield (1971). Since no
guantitative field data for this habitat existed the
design was thet of a pilot experiment giving a wide
range of treatments with a limited amount of labour.

Comparisons were made between the effects of vehicles
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and walking, frequency and intensity of wear, summer
and winter wear and summef end winter recovery periods,
These results anéd those of other workers are also
considered in relation tc managenent of recreation

areas,
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MATERIALS AND IISTHODS

Eight plots were selected in & dry sand dune
pasture area of the Aberffraw dune systea (Site 6,
Fig.l-lc). The site of each plot was chosen for visual
similarity end so that they were all on a similar level,
(See Table 3-2). It was also necessary to choose a
position where the vehicle could complete a circulax
course without getting stuck! Separate treatments were
randomly allocated to each ¢f the 8 plots. They were
carried out at intervals of 1, 2, 4 and 8 weeks over a
period.of 20 weeks, in the winter from November 1970 to
April 1671 and in the summer from April 1971 to Septem-
ber 1971, Table 3-3 gives the code letter for each
plot. Measuremenis were made immediately after treat-
ment and after s period of recovery: the winter-worn
piots in May and October 1971 and the summer~worn plcts
in October 13971 and May 1972.

Table 3-3 Plot Code Letters

Time of Tresatment

Winter Sumner

Week intervals 1 2 4 8 1 2 4 8¥
fode letter A B C D g F G H

-l
In subsequent discussion ‘a' is used to denote autumn
measurement and 's' is used to dencte spring measurement.

* These plots received three tireatments during the 20

week period.,
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i3 3-2

HEIGHT OF EXPEZRIM:NTAL PLOTS

Plot Mean height abcve Height range
lowest plot

A 0.08 m 0.23 m

B 0.12 m 0.25 m

c 0.21 n 0.24 m

D 0.29 m 0.29 m

B 0.40 m 0.20 m

F 0.37T n 0.22 m

G 0.18 m 0.23 u

H 0,00 m 0.13 m
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The plots were divided into 20 m strips of
alternate treatments and controls (Fig.3-1). By using
one plot for each frequency and season of treatment and
by grading the intensity across the plot a single wheel
track could be used for each intensity, thus reducing
the arez damaged, 'Driving intensities were 4, 8, 16
and 32 passages and walking intensities were 16, 32, 64
and. 128 passages on each cccasion, One half of each
intensity was carried out in one direction o¢f travel and
the other half in the opposite direction.

The vehicle used was a 'Bedford 6 cwt.,' van.

The actual weight including the driver was 760 kg. The
tyres were ncrmal cross ply (i.e. not low pressure radisl
ply). All wear was applied at about 8 k.,p.h. (5 m.p.h.)
in bottom gear and care was taken to see that the whoels
were kept to the narrow tiracks so thet the wear was
always on the same plarts. To extrapolate to the normal
track width the amount of wsar must be divided by a
factor of 2. The walking was divided equally between
two adults weighing 57 kg and 80 xg; walking boots with
Vebrum scles were worn, The path was 20 to 25 cm wide,
nerrower than a normal 4% cm single file track (Hvxley
1970).

The effects of these treatments on the vegetation

were measwred by point quadrats, 3 mm in diameter which



Fig,3-1

The layout of the experimental plots,
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were marked by grooves and different coloured paint
every centimetre so that the height of each contact
could also be recorded. One huadred points were record-
ed on each 20 m control strip and two hundred cn each
20 m treatment strip. The species of plant was recorded
for each top contact unless that part of the plant was
completely dead, in which case it was classed as litter,
The raw data %gggiven in Appendix 1. The so0il penetra-
tion resistence was recorded by impact penetrometer to
a depth of 6 cm (see Paper 1 for method); ten
réadings were made on each control strip and 20 on each
treatment strip. Measurement of the plot height was
carried out with a levelling telescope and staff in the
nermal way; the level was recorded in each control
strip at 0, 5, 10, 15 and 20 m along the plot,

The analysisof the results was carried out in
two ways. 1n the first, the records from the path or
track were expressed as a percentage of the sum of the
two adjacent control strips; this is termed relative
cover or relative diversity etc. This was done to over~
come the problem of confusing the block differencea with
the effect of different treatments. An assessment wes
also made of the variation between plots,

The analysis was carried out by computer using

the ‘Superfoot' rrogramme written for this purpose, see
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Appendix 3-2. The percentage values from this calcula-
tion were then subjected to esnalysis of variance. The
sums of squares from third end fourth order interactions
were used to make up the residual sum of squares. A
complication was introduced by the fact that the sum of
the number of passages was not the same for each fre-
quency and thus frequency effects could be confused with
the effect of intensity. For this reason the inter-
ections involving frequency were not included in the
residual sum of squares and the frequency effects were
only considered for those parameters where the inter-
action betweern intensity and frequcncy was also sieni-
ficant. The frequency effects were also plotted from
higher order interactions with intensity so that all
the frequency points had the same total number of
passages.

The second approach was 10 sum the adjacent
control plot reco?ds in pairs so that eight groups
were produced, These were then used as stands in
principal comporents ordinations for compariscn with .
the treated strips and for an examination of the
differences between all cight plcts at the different

seasons.
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RESULTS

Assessmnent of plot variation. The plots can be

divided into two groups on the basisz of mean height
(Table 3-2). Those less than 0.20 m above the mean
height of the lowest plot were A, B, G and H (the lowest
of all) and the rest above 0.20 m. The height ranges of
each plot were all between G.20 m and 0,29 m except plot
H with a range of 0.13m. It is this plot, therefore,
tnat can be separated from the rest on the basis of
comparative height.

The Principal Components Crdination of the con-
trel groups from all measurements are shown in Fig.3-2.
The plots that stand out from the rsst are Ha, Hs and
Ga. It is possible to interpret axis I as stand
difference and exis II as the result of seasonal
change; if this is corre=?t then only Ha and Hs were
markedly different from the rest. When the plots
nmeasured in the spring snd autumn were crdinated separate-
iy (Figs.3~3a and 3-3b), plots G and E appeared to be
different from the rest in the spring, although the
differences within the plots were in all cases greater
than the differences between them (Fig.3-3b). In the
autumn the distance between stands within each plot
except F was also greater then the distance between

plots.



Figo3“‘2
Ordination of all control stands at both seasons at
which they were measured. Iines surround all stands

from one plot measured at one season.

Plot group codes : Time of Treatment
Winter Summer
Week intervals 1 2 4 8 1 2 4 8
Code letter 4 B C D E P G H

a autwm mneasurement, s spring measurement

Axis I appears to be associated with plot differences
and axis II with seasonal change, syring records towards
the positive end and autumn records towards the negative

end.






Ordination of control stands at different seasonsg.,
3~3a spring records

3=3b autumn records

Plot groups coded as for Fig.3-2 and code numbers

used for each point:-
Code letter A B C D T P G.H
Code number 1 2 3 4 5 &6 T 8
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When the sutumn cnd spring records cf plots
which received treatment at the same season were ordi-
nated (Figs.3-4a and 3-4b) the internal differences of
the plots recorded in the spring were greater than the
differences between plots except plot E. The internal
difference was reduced in the autumn but the plots drew
together sc that it was still greater than the distence
between them, When the spring and autumn records cof the
four plots of each treatment were ordinated separately,
Fa a2nd s and Hs were the only ones with a greater
dictance from some of the other plots than their
internal differences.

The approach used here showed that the floristic
differences between the eight plots were less than the
differences within the plots. Flot H was a possible
exception and since it was also the lowest plot this
'should be borne in mind when considering the results,

Results of the treatments, The cover date were divided
:

into fgﬁf groups, the effect of a vehicle on the vege-~
tation. (Fig.3~5a), the effect of walking on the
vegetation (Fig.3-5b), und the recovery after these
treatments (Figs.3~6a ard 6b), The wear in terms of
total number of passages hal a direct relationship with
relative cover, the vehicle despressing ths percentage

to below 10 and walking to below 30, There was no






Fig.3-4
Ordination of control stands according to treatment
received.
3~4s Flots treated in the winter
3-4: Plots treated in the summer

Tlot groups ccded as for Fig.3-3
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marked seasonal difference in the effect of vehicles,
but walking at the highest total number of passages

é¢id twice ths amount of damage in winter, leaving 17%
relative cover compared with 37% in summer. The fre-
quency effect caused some dispersion in the data. The
analysis of variance suggested that frequency mzy be
statistically significant but consideration of Fig.3-Ta
showed that it was minimal compared with the effect of
intensity.

The recovery of the vegetation was, as ezpected,
rather tetter during the summer period and the mean
recovery on the footpath reached 100% relative ccver
at all intensities, whereas over 200 passages on the
tyre tracks it was less than 100%. The significarce of
the analysis of variance results are given in Table 3-4
and the data on the main effects in Table 3-S.
Intensity. The main group of statistically sigrificant
parameters had ncerly linear relationships with the log

of* intensity (Fig.3-7b). These include total relative

cover of live plants, monocotyledons, Festuecs rubra and
the relative mean of log height. The first thres para-
nmeters started from about 100% at the lowest level of
intensity while height was already reduced by 50%.

Each time intensity was doubled these parameters all

dropped by 5 to 7% ezcept Festuca rubra which averaged

]
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Graphs of various aspects of the treatments

3-Ta

3=-Tb

3=T¢

3-74,

3=Th,

The effects of frequency and intensity on
relative cover

The effect of different intensities cn various
parameters

The effect of different frequencies on various
varameters

e, £ and g The relationship between frequency
and wear vs wear followed by recovery

i and j The relationship between frequency,
wear vs wear followed by recovery and season
of tresitment. k’ 3 enelvulion res s [auc <, 'L’lelc e J',J‘.u/n'g.

P8 eight week intervals

27 $4  four week intervals
“ 72 two weak intervals
Bl one week intervels

A Cerex arenaria

C total cover

D diversity

r Festuca rubra

H vegetation height

L litter

M monocotyledonous species
0  Anthoxanthum odoratum

P penetration resistance
R

3

o

o

registant species
species number

winter treatment Fi
sumner treatment Fi

wear
wezr followed by recovery

least significant difference., P <0.05.

3. h, 1 anc J only
s, h, 1 and j only

o
o
P
o
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a drop of 13%. Soil penetration resistance and invert-
ed Simpson's diversity index both showed a gradual
increase of approximately 3% with every doubling of
intensity to reach maxima of 132% and 102% respectively.
Litter rose 13% oveér this range ending at 138% relative

cover at the highest intensity. Antlhoxanthum odoratum

reached 175% relative cover at the lowest intensity and
even at the highest number of passages it was still 147%,
but these figures are not statistically significant
(Table 2-5).

Frequency. The effect of the frequencies which have a
significant interaction wiih intensity are shown in
Pig.3-Tc and Table 3-5, Relative penetrability decrcas-
ed by 8% at the longer intervals but relative diversity
and relative cover of monécotylsdonous s1e cies remained

almost unchanged.

Wear vs 'wear followed by recovery'. For the purpose

of the analysis of variance, these treatments wercec con-
sidered as two levels of a single factor. They were
statistically significant for all the parameters given

except Anthoxanthum odoratum and Thymus drucei. The

reduction by wear and the percentage of the contrels
ﬂthat they reacheld on recovery is given in Tables 3-5
and 3-5; the actual amount of recovery (i.e. the

difference between the first two measurements) is also
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given in Table 3-6.
The reletive height of the vegetation, 35%, and

relative cover of Ammnovohila arenaria, 12%, were the

parameters most affected by trampling and driving,
followed by the relative cover of dicotyledons, 59%,

end Carex arenaria, 41%. Relative diversity, relative

cover of the group of resistant species and Carex flacca

(N.S.) were only slightly reduced. Penetrability and
litter both increased and there were extremely large

increases of Poa pratensis, 195% (N.S.) and Anthoxanthum

odoratum, 163% (N.S.).

Most of the measured parametbers had returanecd to
betwzen 80% and 120% of the level of the controls after
a six month recovery period, but the relative mean
height of the vegetation and relative cover of Ammopaila
arenacia were slow to recover, remaining at 45% and 40%

respectively. Anthoxenthum odoratum stayed at & high

relative cover of 16€% (n.S.) and was only exceeded by

"Carex flaces at 258% (N.S.). The dicotyledonous species

and Agrostis tenuis showed a considerable resilience,
gaining T7% and 6%% relative cover in the recovery period.

Method of treatment. For meny of the parameters one

pessage of the vehicle or four passages of a walker had
similar effects. Those parameters that showed a signi-

ficant difference between these treatments were relative
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species number and relative cover of the resistant
epecies and are given in Table 3-T7. The relative cover

of Festuca rubra and the dicotyledonous species were

legs reduced by walking than by the vehicle; Thymus
drucei in particular showed a 52% difference, being more
heavily damsged by the vehicle.

Season of treatment. The majority of parameters that

shoved statistically significant effects had a greater
relative cover or number as a result of winter treatment
followed by summer recovery. This was particularly true

of the dicotyledons (45%) and of Thymus drucei (30% N,S.)

(Table 3-8). Penetrability was, however, 4% greatcr
after summer treatment and winter recovery which suggests
that treatment at this time had less effect on the soil
or that greater cover increased soil strength. Anthox-

anthum odcratum was also favoured by this sequenze ending

with 57% greater relative cover. A 12% greater diversity
_index occurred after summer treatment and winter
recovery, but the winter treatment and summer recovery
had a 6% higher species number.

The interaction between fregquency and wear vs ‘'wear
followed by recovery'., This was the first order

interaction involving frequency that had the highest
number of significant parameters. The most striking

feature was the group of reactions in vwaich the recovery



TABLE 3-7

THE DIFFERINCE BETWEZN WZiR BY VAN (M1)
AND 4 x WALRING (M2)

52%  Thymus drucei

27%  Cover of dicotyledonous species

14%  Festuca rubra

9% Cover of resistant species (NS)
8% Log height of vegetation

9%  Cover of live plants

6% Spscies number (NS)

65 Cover of monocotyledonous species

10% Log penetrometer readings

+ 'survive' better on footpath

- 'survive! better on van track



TAZLE 3-8

THE DIFFERINCE BITWEEN WINTZR TREATMENT AND
SUIMGER RECOVERY (T1) AND SUMMER TRIATMENT
AND WINTER RZCOVERY (T2)

+ 57%  Anthoxanthum cdoratum

+ 8% PFestuca rubra (N3)

Log penetrometer readings
- 10% Height of vegetation
~ 12% Diversity Index

- 30% Thymus drucei (NS)

- 456 Cover of dicotyledonous species

+ Tecover hetter in winter

~ TYecover better in csummer
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graph tended to present a mirror image of the graph of
wear (Figs.3-74, e, £ and g). At short intervals the
relative cover tended to be depressed more by wear than
at the longer intervals, but tke recovery after wear
was greater at the lower intsrvals, the recovery graph
thus being a 'mirror image' of the effect of wear.

~ It was notable that the resistant Anthoxanthum

odoratun {Fig.3~7g) fell into this category along with
both measures of diversity (Fig.3-7e) and relative cover

of Carex arenaria (Fig.3-7g). The species reactions are

included because of their biologiecal interest, although
they were not statistically significant. All parameters

except relative cover of Anthoxanthum odoratum at the

shortest intervals, and relative penetrometer readings
were depressed more at the low intervals (high frequency)
then at the lower frequencies.

The interaction between wesr vs 'wear followed hy

recovery' and season of rTreatment. Wear in the

summer depressed relative diversity and relative cover
of dicotyledonous species more than wear in winter
{Table 3-3). All the other statistically significant
paraneters were depressed to a lower level by winter
treatment. It was notable that the relative cover of

Poa pratensis and of Anthoxanthum cdoratum was 154% and

100% respectively after winter treatment, but after
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summer wear the figures reached 236% and 225% respective-
ly.
Recovery was genecrally greater during the summer
after winter treatment; +this was especially true of
dicotyledonous species, which reached a relative cover

" of 176% compared with 95% in the winter. Poa pratensis

~anrd Anthoxanthum cdoratum were both depressed during

recovery periods but to a greater extent after winter
rezovery than after the summexr recovery period.

Tre interaction between frequency, wear vs 'wear

followed by recovery'! and season of treatment. The

overall effesct of frequency was that the other treat-
ments usvally showed greater effects at the shorter
intervals, Figs.3—7h, i and j showed the more interest-
ing parameters, This interaction was particularly
evident in the penetrometer readings where the winter
treatment was 20% above'the summner treatment a% one
week intervals, but they were within 5% of each otner

at 8 weekx intervals. The relative cover records and
relative diversity showed s 60% difference between
winter treatment and summer recovery at 2 week treatment
irtervals, but after summer treatment and winter recovery
the differences were below 20%; this seasonal effect

was reduced at the longer intervals,
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Multivariate analysis. This analysis was used as a
sumamary of the floristic changes brought atout by the
various treatuents. The records made immediately after
treatment generally showed the higher intensity treat-
ments further away from the azrea on the ordination
occupied by their controls than the low intensity treat-
ments (Figs.3-8a and b). The areas occupied by controls
from the same plots are surrcunded by a line on the
ordinations. The effect of the van appeared greater than
that of walking, although the most extreme stands were
from paths iﬁ both cases. The analysis on the data
collected after the recovery veriods showed that the
high total intensity plcots aid nct return to the same
areas ag the contrcls after summer recovery (Fig.3-9a),
whereas after winter recovery it was the leasi worn
plots that were still outside the control areas (Fig.3-
9b). Observation of the heavily worn plots a year zfter
these measurements were made suggested that the Tlors
had changed; although they had e full cover tliey were
still comnspicuous as lines of species differentiated
from the control strips. Finally, the wear effects
during the winter appeared to 'push' most ol the stauds
along the same axis as that on which the greatest 3pread
of the controls occurred, while after summer treatment

the worn plots 'moved' in a different direction from

their controls.



Fig.3-8
Ordination of control and worn stands immediately
after treatment. Plot codes as for Fig.3-3.
3-8a After winter treatments
3-8 After summer treatments
(8), eight week intervals between treatments
(4), four week intervals between treatments
(2), two week intervals betwecn treatments
(1), one week intervals between treatments
09 footpath stands
oxm car track stands
®» 2 stands with greatest wear. Adjacent nwnbers
give treatment interval.
—>-- lines connsct worn stauds; arrows point in
direction of greatest wear,
e tracks

~ = ~= footpaths






Fig.3-9
Ordination of control and worn stands aftexr recovery
periods.
3-9a Recovery after winter}treatment
3-9b Recovery after summer treatment
(8), eight week intervals betweenAtreatments
(4), four week intervals between treatments
(2), two week intervels belween treatments
(L), one week intervals between treatments
o8 footpath stands
oA car track stands
® 9 stands with greatest wear. Adjaceant
numbers give treatment interval,
~—>- lines connsct worn stands; arrows point
in direction of greatest wear,
= t1racks

~«==- footpaths



I\
¢ K
PN ¢
| °1\ Cl \ Aad) Daf8)
R '\. : Iy
(9 \ {!3 l
"Eda’ Cala)
/ klg\j‘
Y oi'{’ \\c e
\2 |
] , ]
] -
|7
1
I
i
]
6 |
. 2
)
X\
\\
AN
\
\\ -
\
\\’\'
N
W\
\\\

AY
\\
\Y
\ Py
J’\ o 0‘%‘/"' =3 @
N i e {Tie

-
B ==
=%
Gsla) }W t"[‘;ﬁ

Hs(8

Fs(2)




-126-

DISCUSSION

The main practical problem that had to be over-
come in the design of this experiment was how to arrange
all the treatments when the use of a vehicle imposed a
large plot size. Repeated passsges required a circular
covurse and although the plots to be measured were only
20 m long each circuit was approximately 40 m by 30 m.
Replications of all treatments would have involved the
use of an unacceptable amcunt of land, and while
aohigving statistical respectability, the improvement
might have been offset by a wider range of environmental
variation. Thus each plot received a different treat-
ment btut the results were expressed as percentages of
the internal controls to reduce the variation due to
- plot differernces.

This does not, however, remove the possibility
cf different blocks having varying ecological couditions
and thus causing differing responses by the various
plant species.

The principal ecolcgical consideration was to
discover how trempling ianteracts with the composition of
rlant communities and in what way it related to the
biology of the individual species. A number of community
nmeasures were considered, and diversity, total cover and

the mean height of the vegetation gave a fairly compre-
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hensive picture. The greater relative diversity
produced by the high intensity wear and recovery
suggested that a dominant species was removed or
reduced and that it had not regained its position at
the time recovery measurements were taken. The increase

of Foa pratensis and Anthoxanthum cdoratum under the

influence of wear (Table 3-6) also suggested the removal
of a limiting factor and that wear eorly became limiting
®Fok these species at high total intensities. Their
decrgase during recovery also supported this hypothesis.
The normal limiting factor may have been light, which

was reduced by the combined effect of Festuca rubra

(which generally made up 20-30% of the cover of the
controls) and plant litter which contributed 30-40% of
the cover. The fact that diversity maintained a highor
level under summer recovery ccnCitions after winter
treatment also suggested that it may be maintained by
growth of previcusly repressed speéies (Fig.3-73). The
brocesses may have been similar to the winter overgrazing
and summer rest period stated by Jones (1933) to give a
high 'floristic richness'. The high diversity afler a
six month recovery period cowld also imply 1ihat the path
edges of high diversity (see Chapter 2) may not be the
result of a low intensity use but of a lateral movement

of the position of the main path. Cover measurements
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indicated that recovery was complete in many cases but
the low mean height of the 'recovered' vegetation showed
that there was still some adjustment fo be made befors
conditions were similar to the controls.

The ordination results (Figs.8 and 9) suggested
that the stands subjected to high levels of wear in the
winter end intermediate intensity in the summer may have
undergone a long term change, perhaps due to the effect
of compaction on soils. Tiaey alsc indicated that the
controls had become more uwniform during the recovery
periods or that the worn stande still outsidz the
control plot areas on the ardination wsre mors differen-
tiated from the'controls after recovery. However,
similarity in the ordinations does not imply e return to
original conditions so much as the potential %o éo so
after a further period of growth,

The growth rate of vegetation under prescure is
also likely to ve important. In general, the recovery
curves are mirror images of the wear curves and this
indicates thav the greater the damage, the greater is
the potential for repair. (Figs.3-7d, e, f ané é).

The reccvery was generally better for all species
during the sumuer period,buitit is noticeable that dicoty-
ledonous species showed the greatest increase of all the

rarameters during the summer end winter recovery periods



T4BLE 3~10

RELATIVE GROUND FRESSURES

area cm 2 | wt. ke. g.cm"2
Sheep™ 85 80 041
Cattle™ 300 440 1,467
Cars 1600 cc Istate
Soft ground
myre pressure 22 psi } 1,376 1,289 936
Tyre pressure 32 psi 1,332 1,289 968
Hard ground
Tyre pressure 22 psi 924 1,289 1,406
Tyre pressure 32 psi 800 1,239 1,611
Bedford Van
Tyre pressure 32 psi
Hard ground 624 760 ; 1,218
Soft ground 1,024 760 742
Man 388 80 206
Woman 356 57 160

% Derived from Spedding (1971)

A comparison of ground distributicn between a
walker and the small van.

Man., One pace, 70 cm.

Path width, 25 cn. 5
Therefore, area per pace is 1,750 cm~

Average weight is 69 kg.

average weight per passag

69,000/1,750

Van. This does not leave the groun
pressure is 2 x 1,030 per cnm”

=

39 g.cm

§ per cm~2 of path

s0 the
of track.

Theretfore, the weight ratio is 2,060 : 39
= 53 : 1 per uvnit length of path or track

per passage.
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in spite of being the most affected by wear, except

Thymus drucei elone which is 10% below the mean for

dicotyledonous species, The increase during recovery

of Carex flacca and Agrostis tenuis may also have been

relaliva s offcr s aued duna Species,

due to a high growth rate/, The great increase of Poa

pratensis and Anthoxanthum odoratum during the periods

of wear suggests that these species may also have a
high growth rate combined with an intrinsic resistance
to damage,

The degree of mechanical damage suffered by a
plant may depend to some extent on its turgidity.
Edmond (1962) and Bellamy et el (1971) (Teble 3-11)
have shown that vegetation is more susceptible to
damage the greater fhe level of soil moisture, This
may account for the fact that treatment in winter tends
to have a more damaging effect except to the relative

cover of the dicotyledoncus species. In sand dune

p2sture the soil moisture ccntent during summer may
often be below that required tc meinteain the plants in

a fully turgid condition. The effect or downward com-

vaction partially depends on the weight per unit areca

of the compacting 'body', and the data for the conditions
of this experiment and some other examples are given in
-Table 3-1C, This is als¢o discussed in Paper 1 of this

series. One effect of compaction on the moist soils in
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the winter treatment was to incorporate the litter into
the surface humus on the highest intensity car rﬁt;
this must increase the nitrogen demand by the tacteria
and consequently reduce the amount available to higher
plants. There was, however, a noticeable increase of
Carex flacca in this rut during the recovery period.

Willis & Yemn (1961) fcund that the treatment of turves
from damp dune slacks with nitrogen only, caused a lerge

increase in Carex flacca vut NPK stimalated grasses.

This suggests that the litter may have been broken down
by scil organisms quite quickly~and that extra nitrogen
vas aveilable in that particular rut during the recovery
while (Fwas wole lagod .
periodf The long term change postulated to have
occurred as a result of the higher inteunsity winter
treatments (Ffig.>~%a) may be due to ‘the incorporation of
Titser and the greater degree of compaction as s result
of ‘wear at this season (Fig.3~7h). This type cf long
term effect camnnot be oonsidered as a simple inhivcition
of a successional sequence as it may lezd to a different
edaphic e¢limax. The different direction of displacement
of the wear plots in relation to the controls at the two
seasons (Figs.3~8a and h) of wear also indicated that

the consequences of trampling may not be the same in

*he summer and winter.

The management recommendations that can be made
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from th¥sedata are all based on the supposition that
the wear will occur in the manner described for this
experiment, In fact, there will be much more erratic
use of these areas with high maxims at peak holiday
periods; there is, therefore, a need for further
experiments using frequency and intensity models

" based on surveys of the temporal distribution of
visitors.

Management for a specific species composition cr
diversity requires a very careful regulation of light
wear in terms of spatial and temporsl distributious.
If, however, the aim is to preserve a 100% cover of
vegetation and the recovery periods are similar to this
experiment, then the number of people or cars that can
be allowed are as given in Table 3-11, These sre for a
sand dune pasture vegetation that has not had time to
adapt.to trampling; din field situations an adapted path
will probably withstand & higher intensity of use. The
-width of a path or car track is normally 1.5 to 4 times
the 25 cm single file track used in this experiment
(Beyfield 1971, Huxley 1970) so a more realistic figure
will be obtained by multiplying the data in Taple 3-11
by 4. At this level of wear the vegetation may change
but it will not be destroyed; +the more vulnerable fore

dunes would, however, need some protection to prevent



TABLE 3-11

MAXIMUM NUMBIR OF PASSAGES IN 20 WEZKS
TO ALLOW 100% RECOVERY OF COVER

Car Walking
Summer wear and 80 1,280
winter recovery (With 2 week (With 2 week
rest periods) rest periods)
Winter wear and 220 2,560 +
swamer recovery (With 1 week (With 1 week

recst periods)

rest periods)
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erosion. These figures suggssted that the light van
cr car was between 8 and 16 times more damaging to the
vegetation than one person walking., A figure of 7.5%5
times has been derivigLE?STLﬁhe mean of the wear data
(éx&. 1412/187 = T59).

Vanden Berg & Gill (1962) have shown that a low
pressure tyre will impose a lower ground pressure over
a larger area than a conventional tyre; the more comuon
use of low pressure radial types in the future should,
vherefore, reduce the amount of damage caused by cars,
Cohron (1971) points out that compaction is reduced by
higher vehicle speeds but since this would cause greeter
lateral stresses on vegetation when cornering and
greater conpaction on the rebound after passing over
bumpsy this is not recommended. Soil erosion on sand
dune tracks can often be observed at the top of small
bumps where the downward force exerted by moviag cars
is increarsed,

) The frequency suggested in Table 3-11 is hased
on the data in Figs.3-6a and b. Vhile frequency of use
is statistically significant for many parameters given
in the analysis of variance examination of the dats
suggests that its importance is mainly at low levels of

use and, therefore, only of managemernt interest where

it is desired to maintain the original composition of
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the vegetation.
The need to compare the vulnerability of

different vegetation types to the effects of vehicles

and trampling was pointed out by Bayfield (1971). A

crude comparison.can be made by regressing the percent-

age cover of vegetation left after wear (y) on the log,

-

of the number of passages (x) and using the coefficien®

b from the equation
Yy =a + bx

ae a vulnerability index; this method was used to

sonstruct Table I. The higher the absolute value of
the figure, the more vulnscable the vegetation. Some
results of this technique were given in the Introduction.

An alternative is toc use the more realistic curvilinear
regression equation

¥y = ax2 + bx + ¢
derived from trampling data to predict x at 50% ccver,

Thus the equation becomes

x = -b% 1b2 _ 4a(c-50)
2a

— ——— -

The 50% point is more useful in management and avoids

extrapolation beyond the range of most experiments

(Table 3-12, Col.2). The dsta used in this table were

converted to a percentage basis frem cover and biomass

peramevers where necessary.



TABLe 3-12

*
Source of data To.,of passages No.of passages 7T7.55 X
at y = 50% weight correc- Col. 3
tion factor
Liddle
Driving winter 171 193 1,457
Driving swmer 203 229 1,729
Jalking winter 1,061 - 1,061
Walking summer 1,828 - 1,828
Mean Driving 187 , 211 1,593
Mean Walking 1,412 - 1,412
Morrish &
Harrison (1948)
Car 154 193 1,457
Truck 140 340 2,507
Wagar (1964)
Trempler 23 — -
Bayiield (1971w
Trampler 27 - -
Bellamy et al
(1971)
Wet Al 13 19 . 151
A2a 0.63 1 8
B3 11 16 128
A2 12 18 144
Ad i2 18 121
A3 0.49 1 8
Cl 20 30 234
. B4 8 12 98
B2 17 25 204
Bl 12 18 144
C3 25 37 295
Dry €2 23 24 272
Soft rollers 51 96 725
38 68 513

* fThe relative vulnerability of habitats in nuuker
of walking passages to reduce cover to 50%.
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An adjustment can then be made according to the
weight of the vehicle and the type of wear., The earlier
calculations (Table 3-10) suggest that this is reason-
able. The data in Bellamy et al (1971) show a relation-
ship between vegetation damage and logy ¢f the weight
of the vehicle and the parameters of this regression can
be used to calculate an empirical correction factor.
(Fig.3-10 and Table 3-13). The amount of damage caused
to the vegetation was expressed on a scale 0.0 for bare
ground to 1.0 for 100% cover and regressed on the weight
of fhe vehicle. The resulting guadratic

y = -0,0081186 W2 - 0.0036036 W + 1.362002
where W = the log, of the weight of tne vehicle and
v = the amount of damage was used to calculate correction
factors (theoretically to zero weignt) by which the
aumber of passages to reach 50% cover derived from the
first equation was divided (Table 3-12, Col.3). A final

adjustment by multiplying by 7.55 derived from tas data
~presented in this paper, was used to give a comparative
figure between walking and vehicle effects (Col.4).
However, this should be treated with great caution as
the mechanisms of damage are different.

The data in Table 12 suggest that the cultivated
plots used by Morrish & Herrison (1948) in lMichigan,

U.S.A. may have been more resistant than Aberffraw sand

14



Fig.3-10
Calculation of vehicle weight correction factor fron
data of Bellamy et al (1971).
Y Aris:correction factor (surviving vegetation
cover expressed from 0.0 to 1.0)

X Axis:venicle weight .

W = Log, vehicle weight in 1b.

- == Calculation of correction factor for 8,500 1b.

vehicle (= 0.67).

N
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TABLE 3-13
VSHICLE WIIGHT CCORRECTION FACTORS

Weight Correction
Vehicle
kg 1b Faclox

Liddle

grey van 760 1,672 0.88
Morrish & Harrison (1948)

car 1,520 3,300 0.80

truck 18,182 40,000 0.41
Bellamy et al (1971)

Vehicle used for

different vegetation

types 3,864 8,500 0.67

Vehicles with soft 7,727 17,000 C.56

rollers 9,090 20,000 0.53
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. dune pasfure. The Alaskan muskeg is more vulnerzble bo
the effect of vehicles, but since the effect of tracks
and wheels is probably different a direct comparison
cannot be made., The comparison of the effects cf Wagar's
trampler in a field situation in Michigan (Wagar 1964)

and Bayfield's trampler on Fhleum pratense grown in

greenhovse conditions (Bayfield 1971) show a remarksble
similarity.

This approach to classifying vegetation according
to its vulnerability will improve as more trampling
daté becomes available, but as these experiments are
extremaly labour intensive there will always be a need
for the use of wesults from various experimental
techniques and I would suggest that the method presented
here is a more bractical approach to the problem than
that of Cieslinski & Wagar (1370) which does not aliow

the use of information from various cources.
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APPENDIX 2 T
COKPUTEX PROGRANKE *SUPZRFoOOT"

SALLOL LS

&7

SUPFRF 00T

-.t“ GIN. ul'\‘rL.G..pn "']'J.Pln H

ot AL S0, o TV F 3, 38° .

“APRAY*AL174.%241,00124,1:9]¢
Y

CHROCEUURETERECAB,TT)

“aRiAT"A,B,T13

“dFGiMY “INTERERY 1,03

ﬂhAL“NSUM.HSi.SU.Hn;

wEIR :='."5”"’"l"”’\'Tll."d"l)O"

"HEGIN"B>UM: =85S 130;

“FORY 11 YSTEPTL"UNT [L guDOY .-

SHEG )N RSUKS SHOUMCRIT, gy

KSS:=RSSepl T, 0enll, 00

»""i"uo

sn 2SORT ((HSS-4SiMelySUM/g) /78) 3

=BSUM/9;
‘FOR”J -1“5T:P"1 UNT [L%g4uDO"
YTL1,J3:=ARSC(ALL,J3/72)-1N) /(0. 7a4174.sn).

“Ern\“;

YENNTTEES

“FOR®[t=1*STEP*L "UMTILL »4 *DU® -
wFOR*J:=1*STEP*1"UNTLL»g"DO" .
wREAD® ACL,J33 ) .
“FORY[:=1"STEP*1"UNT | LL“q*D0"
"FORYJI=1"STEP"L"UNTjLL»g"DO"

"READ® BL1,J35

TEEIA.B,TT):

AFOR*1:=1"STEP*1"UNT[LL »4*DO" : _ e

"BEGIN®
“FUOR"J:S "STEP I UNT L »17%D0"
AP0 1,J):="1F"(J"DIV 2y 022y . -
WTHEN"ALJ . ¢J+L)"1lvnn)
"ELSE"S(1,(J+1)"DIve2];
wgEHA S
“BEGIN® "ARRAY" P1:4,1:43, Dr124,3:43,
CP{i:4,1:4], CDL2%4,1:47, SC1:4.1:8)
wIMTE® "ARRAY" TITUE[1:710027
PINTEGER® 1,J10J2,4,M;
TWPKNUEGUREY  PUEHTC A2,p,S, 191,020
CVALUE® [,J3,028 .
“ARRAY®  A2,P,»S3 o
YINTHGERY §001,J23 '
“BEGIN® “KEAL" 0@
G:=0a201,01-13+8201,01413);
WiF® Q=0 "THEN" "dEGIN® p[l'J2J“-1; “PRINY* ¢av;
CGOTU® QUT; “ENDYS
FILEoJ2):2A2C1 01003007 CART],91-134A211,J1420)
oyTe
SCT.02)2=20420 1, 01224420 1,01%10)¢ “EiD" PCENTS
“PU#" ltz1 "STEP" 2 wynTL* 4 *DO
wQEINY *FUR® J1:22 “3TRp™ 4 “UNTIL® 24 *DO"
POENI(AR,PLCPL It (JLegy wDIVE 423
wFgnRe M tsd "STEP* 4 wunTIL* 16 “DO"
POFYNTCA2, 1. CDa L dte gy “prve 403
g
wPRIMNI® **p ey Miztsd PTSTRING GV LEMY M:=3:
QUISTRINGCETITL =S
Wi I cep Y PLMT Torarg CLc e
wpyade Jisl "S1ePt o1 oeyryyppe 17 “bo"
LITONTE G T A/ D A B
aFpEY Fiz1 *STePt 3 wpuNTLe 4 "DO®
ARRONTE SAMELTAE s ALTGARr (3,30 AZTT.ds
“ENOTS

[N

. Xf1:201» TT, SUL1:4.116), A2(1:4.1:1703

R RN
RN RN IS N )

.2

ae .

saae



yn

100.

iny
112
in3
104
1ns
106
107
108
104
110
111
"112
1138
114
115
110
117
118
119
120
121
1722
124
124
12
120
12/
129
130
It
13
153
184
144
13

140
Lév
14

wpR gLl BALH YREATHEAT [DTALS
“EGRe e S PUAC YT LY 2P0
-ﬂ}(;‘nu -P,..;"ul ll .\;

“FaPe) 1 LT PR YLT L 400 ~
PR ITRCAMY L HELALTGUENCG,.0), 2201, 1D8 ..
“F'\"': =

wPpfe 204 PATH AR JACENT COMTIOL  SUHS °3
spQhe gsl “HEeP* v *pNEIL® 4 *DO"

R SPRIUTe g v

wpaen 2=l *5TEEY 1 "ynit® 4 %pO*

wpk 1T SAPEL e, ulGITS(4), FNTIER(TPOL,J41)3

L A H

wppigtherL i PaTd  PERCFITAGE UF CONTROL  MATRIX®
wfagn® gzt "STEP® 1 “UNTIL® 4 *DO*

*REGIN® "PEIGT® 21 %3

*Fore  T:=1 *STEP® 1 “UNTIL® 4 *LO* M
“ORTNT® SAMEL [NE, DIGITS(4), BHTIER(PLE,3]))8

“EMI" .
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THE EFFECT OF CULTURAL TREATMENTS
ON THE REGENERATION' OF SOIL STRUCTURE AND VIGZTATION
OF COMPACT=D SAND DUNE PASTURE

) INTRODUCTION -

In previous papers in this series the changes
that occurred in vegetation and soils as & result of
trampling and the passage of vehicles wers considered.
The present paper is a report on the regeneration of
worn areas. The effect of trampling results in a
plagio climax (Tansley 1949), and the effect of the
removal of this force will be to initiate a subsere
which should lead to the re-establishment of the
original succession. The various factors that may
affect this process must be considered if it is to be
understood and manipulated.

‘ Previous work on the regeneration of soil
structure after compression has largely dealt with
agricultural situations. Among the natural forces that
mey alleviate compaction in soils swelling end shrinking
as a resuli of wetting and drying are ncrmally important
but in sandy soils with low clay content this has little
eifect. Freezing and thawing can have a major effect
on bulk density; ice formation and consequent frost
heaving is more likely to occur in compacted than in
uncompacted soils, as the thermal diffusivity is

increased and the removal of vegetation exposes the
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goil to greater extremes of temperature (cf. Paper 5)
(Larson & Allmaras 1971).

The beneficial effect of soil animals on the
fertility of the soil has been well known since Darwin
(1881) reported on the activitics of earthworms. They
can counteract socil consolidation by voiding earth on
top of the ground and creating tunnels below the surface.
Barley (1961) quotes data from Stockli showing that
tﬁese tunnels may make up to 5% of the soil volume erd
earthworms can significently improve the yield of
certain crops on puddled clay soils (Hopp & Slater 1949).
Plant roots can also affact co0il structure, at first
causing compaction and then an increase in permea-
bilivy after decay of the dead root material (Barley
1954). It is a reasonable hypothesis that for any
given soil type there is a bulk density which is in
equilibrium with the environmental conditions; if some
external agency causes the scil to beoome more or less
compacted, then the environmental fcerces will work to
restore equilibrium conditions (compare Larson &
Allmaras 1971).

- The effect of tillage of bare ground on subsequent
vegetation operates via the effect on germination and
egtablishment of seed present in the soil, Over 40

million seeds per acre were found under a lowland
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Agrostis-Fescue grass turf (Champness & Morris 1948) and
viable sceds were recovered from soil under 58 year old
pastures by Brenchley (1918); +the deeper the seeds were
buried the greater was their viability. The soil is,
therefare, likely to hold sufficient seeds to regenerate
a vegetatior cover if they cen be induced to germinate,
In compacted scils dormency is likely to be
enforced by decrease in aeration and consequent rise in
C0o/0o retio and by reduced water flow (Crocker & Barton
1953). The increased temperature fluctuation when com-
pared with vegetated soils could, however, stimulate
germination (Warington 1935). Crocker & Barton (1953)
also state that Poa seeds do not require light to break
dormancy except when fresh and this may partly account

for the success of Poa pratensis on paths, btut unfor-

tunately the authors do not state to which foa species
they are referring. These data all suggest that deep
digging should produce a large number of seedlings even
on an old path. However, the survival of weed species
in Duval's experiment (Toole & Brown 1946) and the
results of Chepil (1946) both sugzgest that sandy soils
will have fewer dormant seeds than soils with s high
clay content. Since the sandy tracks often have a
smooth soil surface the effect of the increase of the

surface micro-topographic variance brought about by



=141~

tillage on the germination of different species (Harper
et al 1965) is also likely to be important. 3But as
Thurston (1960) points out light soils may dry out after
tillage and prevent germination.

The practice of seeding to prevent soil erosion
has become commonplace in recent yeafs. Various species
were sown at 700 m in the Cairngorm of which Lolium spp,

Festuca rubra, F. rubra spp. commutata, Poa annua,

Phleum pratense (S50) and Agrostis tenuis were most

successful and acted as a nurse crop for the slower
growing natural species. (Bayfield, Pers. comm, 1973).

In sand dunes Ammophila arenaria has long been plantved

but the modern technique of hydraulic seeding combined
‘with a fertiliser and temporary soil binder such as
straw mulch has been used with some success, At Camber
Sands the Kent River Authority has sown & mixture of

Dactylis glomerata, Festuca rubra, Plantago lanceolata
2

and Lotus corniculatus at the rate of 4.13 g.m < on to

a straw mulch. This had previously been disc harrowed
into the sand and a slow release NPK fertiliser was
added every two months. The area was enclosed to allow
recovery and when vegetation was established a 'Flymo'
was used to create a short turf., (Midmer, pers. comn.
1970).

Thurston (1969) reported that plots of high pH
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and nitrogen ocontent in the Rothamsted park grass experi--
ment were dominated by a few fast-growing grasses. Ca,
N, P and K were added to species-poor acidic hill grass-
land and produced a vegetation similar to lowland pasture,
but the plots left open to sheep grazing changed very
little as the sheep selectively grazed the lowland species
(Milton 1940). Where the soil is alréady at a high pH
the addition of nitrogen and phosphorus can lead to an
increase of grasses especially Festuca spscies (Jeffexy
1971). At Braunton Burrows where the soil pH was gener-
ally above 8, Willis (1963) found that the addition of
nitrogen and phosphorus created an initial increase in
species richness attributable mainly to dicotyledoious
specieé which were later eliminated by grasses, especi-

ally Festuca rubra in the dry dune pasture plots.

Finally, Kemper et al (1971) comment that the addition

of fertilisers can overcome the disadvantages of moderate
compaction providing the soil moisture conditions are
aGsquate for plant growth,.

The following work falls into two sections, one
dealing with the effect of vegetation on the soil regener-
ation and the second with the effect of manipulation of
80il characteristics on the vegetation.

The work on soils presented in this paper was

undertaken to establish the manner and the rate at which
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the soils would decompress, and also to estimate the

relative contributions of plent érowth and other

natural agencies. ‘The study of the vegetation was
concerned with the effects of tillage, seeding and

fertilisers on regeneration of cover, speciee number,

diversity and other parameters.,
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MATERIALS AND M2THODS

S0il Experiment 1
The worn areas used to study the short term

effects of driving and walking on sand dune pasture

were used for this experiment (see Paper 1l). The

decompression was estimated from monthly penetromseter
readings of the worn sites, the last measurement of

the wear experiment being used for the first estimate

in this series. Subsequent readings were made in six-

teen separate posivions arranged systematically in the

worn areas to avoid measurement of soil disturbed by a

pre&ious reading. Standard errors were calculated for

eacit point on the diagrams and the monthly totals were

analysed by regression of soil penetration resistance

on- time.,

Soil Experiment 2
A length of the linking car track used 40 times

every week in the wear experiment from November 1970 to

April 1971 and then abandonel was selected for this

experiment, Six 1 m=2 plots spaced 0.5 m eapart were

marked out: these were treated as three blocks of two

treatments each a control plot and one which was treated
with 45 gt of 'Boots Path Weed Control' containing 25%

Simazine, in 9.1 litres of water, This weedkiller is a

photosynthetic inhibitor and does not, therefore
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directly harm the soil animals. The trestments were

randomly positioned,

The recovery of these plots was measured by 16
penetrometer readings in each plot, all to a depth of
6 cm, before the treatment with weedkiller and at eight-

week intervals for one year. The means and standard

errors were calculated for the treated and the control

plots. The results are presented as the differences

between the means.

Vegetation Experiment 1

The site of this experiment was a track in the

Aberffraw sand dune system which had been worn down 10
bare earth but the organic soil crust was still intact.

Plate 4-1, The surrounding vegetation was visually homo-

geneous but grazed continuously by cattle and sheep to

approximately 5 om high. There was a slight slope

giving an extreme difference in height of 44 cm between
the opposite ends of the treated area and a shallow
- drainage ditch approached the track at right angles a%t

one point; no treatments were carried out within 10 n

of this position. Shallow ditches were dug across the

track at intervals to'prevent further wear by vehicles,

The treatments were arranged as a 2 by 2 by 3

factorial with one extra treatment (Table 4-1). There

were five replicates laid out as five blocks along the



Photo 4-1

Vegetation experiment
l. Sand dune track
before treatment
carried out.
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TABLE 4-1

VEGETATION EXPERIMENT 1
TABLE OF TREATMENTS

Main effects lst order 2nd order
interactions interaction

Dig & straw Dig & seed Dig & seed
+ fertiliser
Seed - Dig &
fertiliser
Fertiliser Seed &
2 'levels', NFK fertiliser
& NPKM
Dig *
Seed Festuca rubra and Foa pratensis
NPK Nitrogen, Phosphorus and Potassiun

NPKM Nitrogen, Phosphorus, Potassium and
Micornutrients

® Not included in analysis of variance
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track and the plots were randomised within each blolk.
Both wheel ruts were utilised and the individual plots
were 25 cm by 1 m with a space of 1 m between eachplot.
The first treatment was digging to 15 cm depth with the
addition of 302 g.m"2 of chopped straw to prevent wind
The second treatment was a seed mixture of

erosion.
one part of Festuca rubra to 0.283 parts of Poa pratensis

by weight: +this ratio was tased on a difference of
percentage of laboratory germination rate of 1 : 0.77
and in seed weight of 1 : 0.23.

The seed was sown at a rate of 9.48 g.m"2(% oz/yd2)
and spread over the surface of the undug plots, but when
combined with digging the soil was lightly raked and
pressed down with the bhack of a spade after seeding,

The third treatment consisted of 'Fisons 41' and
'Vitéx Q4' fertilisers. They both contain similar amounvs
of nitrogen and phosphorus (as PZOS) but they contained
1.8 and 0.9 parts respectively of Potassium (as K50);
thie 'Vitax Q4' also contained chslated micronutrients
listed in Appendix 1. The nitrogen was principally
present as available ammonium nitrcgen 4 parts and nitrate
nitrogen 1 part in the 'Fisoné 41', whereas it was pre-

in the 'Vitax Q4'.

sent as slow release ‘nitrofornm!
2

The 'Fisons 41' was applied at the rate of 50 g.m~
(40 units of N per acre) in May and July of 1971 and
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1972 and tho 'Vitax Q4' was applied oxnce at the rate
of 190 g.m‘2 (80 units of N per acre) in the June of
each year. There was an annual total of 10 g.mfz of
nitrogen and of phosphorus on each plot but there was
18.1. g.m’2 and 8.4 g.‘2 of potassium on the 'Fisons 41!
and 'Vitax Q4' plots respectively. The final treatment
was digging without the addition of ctraw; this was not
in the factorial system.

The cover of each species was recorded in
October 1971 and 1972 and May 1972, c¢ne hundred points
being measured in each plot giving a total 500 points
for each treatment. Zach calculated parameter and each
species that occurred frequently was considered by
analysis of variance. The means of all occurrences on
each treatment at each time of recording were also used
28 'stand data' for ordinations to give a summary oc the

results, The primary date are presented in Appendix 2,

Vegetation Experiment 2

This was carried out on 'turves' in a heated
greenhouse, They were dug from areas of track on which
there was no surface vegetation, situated in a dry +to
slightly moist slack with a similar flora to the site of
Experiment 1., The 'turves' were 21 ¢ém by 34 cm and 10
cm thick; they were placed in seed trays and the sides

were covered in black polythene (Plated-2).
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The experimental design was that of a 2 by 2
factorial with five replicates. The blocks were
randomly arranged along the bench and the 'plots' wers
randomised across the bench within each block. The
first treatment was digging to 10 cm depth, the seccnd
was one application of 'Fisons 41' at the rate of 100
g.m-2 (or 80 units of N per acre) a rate similar to that
used annﬁally in Experiment 1. The 'turves' were watered
regularly every morning. The experiment was sterted in
Februvary 1971 and continued for a period of 62 weeks and
cover measurements ﬁsing one hundred points on each 'turf!
were made approximately every eight weeks,

The assessment was carried out by analysis of
variance and bty ordination in a similar manner to the
previous experiment. In addition an ordinetion was
carried out with all the stands from both experiments,

A degree of caution must be used interproting this
ordination as the plots in Experiment 1 are 3.5 times
the area of the *'turves'. The primary data are

resented in Appendix 3.
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RESULTS

So0il Experiment 1

Pig.4-1 shows that decompression does occur,

aprarently starting =s soon as traffic is removed.

The rate in the foot areas b = ~0.086% is slightly

higher than the car site, b = -0.061. If the decom-
pression rate is constant, the trocdden erea will have
returned to its criginal soil penetration resistance
by mid-October, after treatment in the previaous May.
The car area will reach the original soil penetration
resigtance by March, li months after treatwont.

The upper layers composed of compressed vegeta-
tion also had the greatest soil penetration resistance
immediately after treatment and decompressed most
repidly. Fig.4-2.

Soil Experiment 2

There was a statistically significant difference
between the penetrability of the control and the treated
plots except at the first reading made before treatment

was carried out. Tig.4-3. The amount of difference

fluctuated but tended to increase throughout the year,
The treated plots had lower penetrability than the un-
treated ones, especially at a depth of 2 cm, Fig.4-4,
but the lower layers again showed an: initial increase in

soll strength after the cdmpacting forces were removed,



Fig.4-1
Natural decompression of scil. The change in soil
penetration resistance with increasing recovery time.
4  car
¢ walking

I 2 standard errors



68- N~_
eiev-l 4+ xg80-0—-=4

[A-X Nm

9+89:1 + X190-0~ =4

0-i

gl

1d1



Fig. 4-2

Natural decompression of soil, Changes of soil pense-
tracion resistance for each cw +to a depth of 6 cm at
two monthly intervals over the experimental reccvery
period.

a) car track

b) footpath

O mean

F— 2 standard exrrors
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Fig.4-3 .
The increase in soil penetration resistance of the
control plots minus the soil penetration resistence
of the plots treated with weeadkiller.
O difference in soil penetration resistance

I two standard errors
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Flg.4-4

Soil penetration resistance of the treated and

control plots at four monthly intervals from April

1971 to April 1972. Soil penetration resistance

shown for each cm depth.

a)
b)
c)
d)
¥}

o

April 1971

August 1971

December 1971

April 1972

mean of control plots

wmean of plots treated with weedkiller

F— two standard errors

v\
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Vegetation Experiment 1

The effects of the various treatments are
summerised in the enalysie of variance (Tables 4-% end
b). Generally, seed and fertiliser gave positive
results, eand the effect of digging and straw was not
statistically significant. Digging alone and the inter-
action between digging plus straw and fertiliser tended
to depress the results below that expected from the
addition of the main efiects while wmost of the other
interactions were not statistically significant.

The percentage cover increased steadily on all
treatments throughout the two seasons, reaching 48% on
the control plots, Fig.4~5. The seeded and fertilised
plots reached 92% cover ('Fisons 41') and 95% ('Vitax
Q4'), while those only wveceiving fertiliser reached 815
and 84% respectively. Digging alone reduced cover to
44% but with straw it produced 73%; however, this
treatment also reduced the combined seéding and fertiliser
treatmentsto 87% and 90% cover, The control plots were
one year btehind the seeded and 'Vitex Q4' treatnent, sce
Fig.4-5.

The mean species number was 5.8 on the controls
at the end of the period and the highest final measure-
ment was 7.F on the plots treated with 'Fisons 41

fertiliser, I'ig.4-6a, b, ¢ and d, The seeded and
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rig.4-5
Vegetation experiment 1, Total cover,

a) and b) éingle treatments (main effects).

¢) and d) Combined treatments (interactions).
0 control
® dug
4 dug plus straw
v seed

'Fisons 41' fertiliser

¢ 'Vitax Q4'.fertiliser
v dug plus straw and seed
w dug plus straw and 'Fisons 41' fertiliser
¢ dug plus straw and 'Vitax Q4' fertiliser

seed and 'Tisons 41! fertiliser

&

seed and 'Vitaex Q4' fertiliser

<>

®» dug plus straw, seed and 'Fisons 4l'
fertiliser

\ dug plus straw, seed anéd 'Vitax Q4'
fertiliser

lines connecting dug plots
- - = lines connecting undug plots

I two standard errors
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Figo 4“"6

Vegetation Experiment 1,
a, b, c and 4)
e, £, g and h)
a, b, e and f)

¢, 4, g and h)

@

>

O 0O «

<L A &R 4 o 4

control
dug
dug plus

seed

Species number,

Inver’ed Simpsons diversity index.

Single treatments (Main effects).

Combined treatments (Interactions).

straw

'Fisons 41t fertiliser

'Vitax Q4'fertiliser

dug plus
dug plus
dug plus
seed and
seed and
dug plus
dug plus

straw and seed

straw and 'Fisons 41' fertiliser
straw and 'Vitax Q4' fertiliser
'Fisons 41' fertiliser

'Vitax Q4} fertiliser

straw, seed and 'Fisons 41' fertiliser

straw, seed and 'Vitax Q4' fertiliser

— lines connecting dug plots

—

I

lines connecting undug plots

two standard errors
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fertilised plots reached 8.4 and 9.2 at the sescond
reading for 'Fisons 41' and 'Vitax Q4' respectively,
but these plots fell to 6.2 and 6.4 at the last reading.
The diversity indices were all between 2.84 (dig and
straw) and 5.02 (dig and straw and 'Vitax Q4') at the
last reading. Fig.4-6e, f, g and h, The control was
relatively high at 4.67 and the realised daversity of

these plots was 0.82; +the others were ell between G.51

and 0,66 (see Table 4-2b). The maximum possible realised
diversity is 1.0 and in this case all species present
would have an equal share of the cover,

The cover of annual species reached 1C% on the
seed with 'Vitax Q4' plots in the spring of the second

year and declined to below 47 on all plots by the second

October, Fig.4-T7a, b, c¢c and d., The perennial species

reacLad between 35% and 42% on all seeded fertilised
plots in the first October while the controls were at
12%, Pig.4-Te, £, € and h. By the second spring there
was & drop in all plots but in the following Octover a
general rise was again recorded with the controls
reaching 23% and the plots treated with seed and 'Fisons
41' reaching 45%. The resistant species reached their
hiéhest level (up to 44%) at the first readings on the
seeded an@ fertilised plots and then declined, see

Table 4-2b. DPoa pratensis also showed a similar pattern




Fig.4-7

Vegetation Experiment 1.

8,
€,
a,
Cy
O
o

.o o 4 b

4

¢ @

g

o g @

b, ¢ and d) Percentage cover of annual species.
f, g and h) Percentage cover of perennial spscies,

b, e and f) Single treatments (Main effects).
d, g and h) Combined treatments (Interactions).
control
dug
dug plus strew
seed
'Fisons 41' fertiliser
'Vitax Q4! fertiliser
dug plus straw and seed
dug plus strew and 'rfiscns 41' fertiliser
dug plus straw and 'Vitax Q4' fertiliser
seed and 'Fisons 41' fertiliser
seed and 'Vitax Q4' fertiliser
dug plus straw, seed and 'Fisons 41' fertiliser
dug plus estraw, seed end 'Vitax Q4' fertiliser

lines connecting dug plots

— — ——lines connecting undug plots

I

two standard errors
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with fertilisers and seeding reaching 14%, Table 4-2b,
Digging without the addition of straw produced the

highest level of Poa pratensis at the final reading

(6.6%); the cover of Festuca rubra was about four

times that of Poa pratensis.

The multivariate summary, Fig.4-8, has responded
mainly to the number of species in the various stands,
Axis 1 tends to run from high content of annuals at the
minus end to a high content of peremnials at the positive
end; the major stand movement which is associated with
seasonal change runs partially parallel to axis 2,

The soill data from +his experiment (Table 4-3)
show that there was no statistically significant erosion
effect but the data suggest that digging tends to lcower
the level by about 1 cm. Trertilisers caused a lowering
of pH from 7.3 to 7.2 while digging resulted in a slight
increase in alkalinity (C.l). Fertilisers also caused
a slight but significant (5%) increase of 4 umho
in conductivity. A few samples of soil frcm some of
the plots in October 1972 were analysed far their
chemical content (Appendix 4). There was & 59% higher
nitrogen content in the controls (0,0647%) than in the
dug plus straw and fertilised plots (0.038%). Thse
position was reversed for P, K and Na: the adjacent -

short turf had nutrient levels similar to the dug plue



Fig.4-8

Ordination of field plot vegetation records at three

points in times

lines connect similar treatments at

different points in time,

o

o

>

o o <

control

dug

dug plus straw

geed

'Fisons 41' fertiliser
'Vitax Q4' fertiliser
dug plus straw and seed

dug plus straw and 'Fisonsg 41' fertiliser

dug plus straw and 'Vitex Q4' fertiliser

seed and 'TFisons 41! fertiliser

seed end 'Vitax Q4' fertiliser

dug plus straw, seed and 'Fisons 41t fertiliser

dug plus straw, seced and ;Vitax Q4"fertiliser

lines connecting dug plots
lines connecting undug plots

two standard exrrors






TABLE 4-3

SOIL ANALYSIS
FIELD PLOTS AT THE END OF THE EXPERIMENT

dep™
Treatment |Erosion,below |Soil pH | Soil conductivity
sides of rut poacko
mm 1t veol. So1! -rd\s(ﬂlmfwaﬁv
Control T1 Te3 41
'Fisons 41f 82 7.2 43
‘Vitax Q4! 64 7.1 58
Seed 80 7.3 4é
Seed +
'Fisons 41°¢ 62 7.1 35
Seed +
'Vitax Q41 13 Te3 49
Dig & straw 74 7.4 51
Dig & straw
+ 'Fisons 41 82 7.3 39
Dig & straw L
+ 'Vitax Q4! 99 7.2 48
Dig & straw ;
+ Seed 3 7.2 48
Dig & straw
+ seed
+ 'Fisons 4ﬁ 75 7.3 40
Dig & straw
+ seed
+ 'Vitax Q4! 73 7.2 50
Dig 86 7.4 42
Adjacent
short turf 0 7.2 48

The only statisticelly significant treatment was the
main effect of fertiliser on conductivity P <0,05.
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straw and fertilised plota.

Vegetation Experiment 2

The total cover on all turves was over 90% by
the end of the fifty sixth week of this experiment,
Fig.4-Sa; the data and significance values from the
analysis of variance are given in Table 4-4. The un-
treated control turves were six to eight weeks behind
the rest and only reached 90% cover after 50 weeks, tne
highest initial cover occurring on the turves that had
been 'dug' and fertilised,

The mean species number was over seven on the
wfertilised turves at the end of the experiment, Fig.
4-8b, In the first 30 weeks the dug turves had a mean
of up to two more species thar the controls but this
difference was slightly reversed by the end of the
experiment. The diversity index was initially suppressed
to below 2 by fertiliser but the undug turves rose
towards the end of the period, the controls reaching an
index of 3.7 (Fig.4-9c), equal to 0.53 of the potential
Ziversity (species number). The fertilised turves had
xeached 0,7, the dug 0.44 and the turves receiving both
treatments 0,53 of their potential diversities.

The cover of trampling resistant species was
higher on the controls and lower on the dug turves

throﬁghout the whole period, Fig.4-9d. The measurement



Fig.4-9
Vegetation Experiment 2.
a) Total cover
b) Species number
¢) Inverted Simpsons Diversity Index
d) Percentage cover trampling resistant species
o] control
dug

'Fisons 41' fertiliser

dug and 'Fisons 41' ferdtiliser

—~ = a »

two standard errors
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at week 35 marks the point where the annuals and
perennials start to decrease although total cover
continues to increase due to the increase of litter,
Fig.4-10a and 10b, The multivariate summary of the
turves, Fig.4-1lla, also shows a change in direction of
the controls and the harrowed plots at week 35 when
between 75% =nd 99% cover was reached.

Measurements of pH and conductivity (Table 4-5)
of the turf soil showed that fertiliser has o signifi-
cant (5%) effect in lowering the pH and a statistically
non-significant raising of conductivity. These results

are similar to the changes measured in the fielid plots.



Fig.4-10
Vegetation Experiment 2.

a) Percentage cover of Annual species

b) Percentage cover of Perennizl species
O control
A dug
-0 'Fisons 41' fertiliser
m Gug and 'Fisons 41' fertiliser

I two standard errors
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Fig.4-11

a)

b)

Vegetation Experiment 2., Oréination of vegetation

records at eight points in time.

o)

A

0

control
dug
'Fisons 41' fertiliser

dug and 'Fisons 41' fertiliser

Figures adjacent to ploté give time in weeks for

control and dug trestments only.

Lines

connect similar treatments at different

points in time,

Vegetation Experiments 1 and 2. Ordination of

vegetation records from Experiment 1 at two points

in time and Experiment 2 at eight points in time,

o

A

¢

control turves
dug turves

dug plus straw, seed and 'Vitax Q4' fertili-
ser, Field plots.

seccl

dung-—plus-strew and 'Vitax Q4! fertiliser,
Field plots.

Plots occurring in the two main groups not
presented individually.

Figures adjacent to points give percentage
cover for the control and dug turves,

Linss connect similar treatments at
different points in time,
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TABLE 4-5

ANALYSIS OF VARIANCE OF TURVES pH AND CONDUCTIVITY

Control | Dig Fertiliser | Dig and
Fertviliser
pH 7.28 7.48 7.12 T.34
Significance NS NS * NS |
Conductivity | 113 115 140 101
yxho .
Significance| NS NS NS NS

P <0,05
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DISCISSION
Soil Experiments

The vertical distribution of soil penetration
resistance after compaction in Fig.4-2 supports the
hypothesis that short term wear creates a more resistant
surface layer than that produced by normal conditions,

The results of the second experiment showed that the
growth of plants retarded decomgression of soil, at
least for the first year. These same data also showed
a 'transmission' of soil penetration resistance to the

lower levels suggesting that even after 20 weeks of

wear the compaction forces were not in equilibrium

throuvghout the soil profile. The plants raised the

last penetrometer reading of Experiment 2 from 0,95

to 1.15; et this point they were 21% more penetration

resistant than the unvegetated plots, Table 4-6, Since

this ares did not have a compacted layer of surface
vegetation the peak of hardness at 2 cm depth, Fig.4-4,
nust be due to a factor associated with live plants,
This could either be increasged compaction caused by

plant roots or higher soil water content associeted

with the increasing plant cover.

Larson & Allmaras (1971) suggest that soil

animals and plant roots exert forces that may compact

the so0il near their path, although the long-term effect

-—

]



TABLE 4-6

SOIL EXPERIMENT 2
MEAN LOG PENZTROMETER READINGS

Month April }June August|Octo~ {Decem-{Feb- |April]
bexr ber ruary

Treatment

Untreated_

control x{1.125 |1.,166 {1.223 11,158 }1.227 }1.100|{1.156
plots  8&{0.013 0.006 {0,013 {0.014 {0,005 }0,009{0,012

Plots

treated _

with x}1.102 11.077 }1.033 11,007 {1.089 {0.870}0.959
'Simar SE }0.012 | 0.023 10.018 190,025 {0.020 |0,033}0.025
-zine .
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of biological activity is to decrease compaction.
They also point out that freezing and thawing and
wetting and drying create stresses in the soil which
may alleviate soil compaction, although they consider
that these factors do not have a great effcet in sandy
soils. The actual penetrometer readings were extremely
erratic, Table 4~6, but the large decrsase in soil
strength between December and February of 0.127 on the
wuntreated plots and 0.219 on the treated plots when most
of the 39.3 annual ground frosts occur at Valley, four
mile s away, does suggest that frost heaving may be an
important factor in the regeneration of compressed soil.
This will be especially evident where vegetation is
1emoved and the soil is exposed to greater extremes of
temperature (also see Chappell et al 1971). A further
cauée of decompression in the Simazine treated soils
nay have the decay of the roots of plants that had been
killed (Barley 1954%).

Since the management aim when manipulating
regeneration is some form of plant cover, this indicates
" that soil strength has drawbacks as a parameter by which
to judge the recovery of worn areas.

Vegetation Zxperiments

The aim of Experiments 1 and 2 was to use the

accslerated growth rate in the greenhouse as a means of
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predicting the effects of the treatments in the field,

Willis & Yemm (1961) end Willis (1963) successfully

used a similar technique. These turves were used after

35 weeks of regeneration to predict changes that would
occur after the second reading of the field plots; +this

is the time at which the sequence of the successional
process on the turves apparently reaches a critical
point, as can be seen in the ordination, I'ig.4-~-1lla.

This may possibly be due to a leaciring of nutrients from
the soils under the rather plentiful supply of water in
the greenhcuse, and the plants mey also have started to
compete with each other for the available resources.

Total cover was used to estimate the relative

positions in the successional sequence. The compurable

field treatments at this period had 20% cover on the
controls, 41% on digging and on 'Fisons 41' separately
end 53% for those treatments combined, Fig.4~5. The
equivalent time for the same cover on the turves was 14,

17, 18 and 21 weeks respectively, Fig.4-9a. Teking these

positions in time on the various other parameters of
the turf experiment the predictions for the field plots

were as given in Table 4-7, which also gives the changes

that actually occurred. The jredictions for diversity

index, species number and cover are fairly good but

more detailed parameters such as annuals and perennials



sa3uBY0 TBNLOB €84BOTPUT

uoTEoTpoxd ©24€0TpIAT

©SBO JOMOT

gSVD ¥ddan

987X Apsajs

esTx £fpBags

esTx fLpea3as

951X LpBvags

LNVESNOD J€IY ZQVELS ESIY ISVL'A JSI¥ XQVIEIS 99-Y sTeTuusIag
T8I do3gs*a IT18x deogs T1BF deegs T1eI LApmBags
dSI¥ ISYELA =SI¥ ISsYdZ E6I¥ IEDI1S E€I¥ XQVZES Po-¥ sTenuuy
88 TI 43S®BI 9STJI 18®BJ 8sTI Ap®Beqs | oSTJT JUSTISA
ESIY ISVE ZSI¥ ISYV& ESI¥ ISVJ | ESIE IEDITS°A B9-Y JI8400 TBO(
93Tx fpeoags TITBI USTITS U8 SUOO esTx fLpwozs -+
EFIY as1y ISI¥ IEDITS EeIY¥ Ehuvl o9-¥ Jsqumu s8f7oadg
8STI JUITIS A 8STI AUTFTTS TTBI 3uSTTS 9sTx fpeais 4
TNVI SNOD I8I¥ XQVdIs HSI¥ IHDITS gSIy¥ XAVElS Qo-¥ Xopul £375I8ATQ
ISSITIL IS5 “ON
% 910 X95TTT3I84 Surg?1q TOI3uwOD Srg

SIOTd OTEId NI STONVHO TVAIOV NV QIIOIqTEd

L-¥ 37gVy




-158-
were rather poor. This suggests that predictions of
general measurements are reasonable but detailed
predictions would be unreliable.

The rate of cover regeneration in the field
plots was relatively high. Beardsley & Wagar (1971) used
13.5 g.m."2 of slow release nitrogen and seeding treat-
ments and only reached 40% cover after four years in an
aree that was still exposed to trampling, while 40% was
achieved by Harrington & Beardsley (1970) in one year,
‘but they used nitrogen at the rate of 35.4 g.m—2 and
seed and watering treatments combined.

The events in the field plots may be explained

by postuvlating that Festuca rubre and Poa pratensis at

first acted ad a nurse crop for other species giving
high diversity (4.3) and species number (8:4 and 9.2}
at the second reading when combined with fertiliser,
This effect had decreased by a third reading to diver-
sities of 3.9 and 4.4 and species numbers of 7.6 and
7.4, probably because the seeded species interfered with
.the less vigorous members of the community. This is
partially substantiated by the fact that the cover of
annual species (Fig.4-Ta, b, ¢ and d) reached a maximum
of 10% at the second reading and then sharply declined
to below 4% at the third reading, whereas the cover of

the peremnials (Fig.4~Te, f, g and h) was still between
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21% and 39%. A part of this decline was, however, due
to the steadily increasing cover of litter to between
20% and 60%.

The ordination of the field plot data, Fig.4-8,
showed a great deal of movement between readings which
suggested that none of the stands had reached a stable
condition and further changes may be expected. The
ordination of turf stands, together with the first two
field plot mensurations, Fig.4-11lb, indicated that the
processes taking place were rather different and extra-
polations from turves to field plots should be treated
with caution. The control and dug turves still show
the same pattern of movement as when ordinated alone
but the field plots are dbunched closely together,

fgrtiliser treatments tending to have a 'restrictive!'
"effect except for thé seed plus fertiliser with and
without digging treatments., The ordination including

the third rcading of the field plots produced similar
results on axes 1 and 2 cxcept that the most extreme
field plots were the final controls. Axis 3, Fig.4-12,
however, bunches the meore 'adventurous' turf plots along
one line and puts the second reading of the field rlots
mentioned above at the extreme positions. This appears
to be a critical phase in the succession of these plots;

the cover at this stage was 76% and 63% respectively.



Vegetation Experiments 1 and 2. Ordination of the

three field plot records and eight turf vegetation
records together,
O control turves

4 dug turves
¢ dug plus straw, seed and 'Vitax Q4' fertiliser
¢

dug-plus—atraw—eand ssed and 'Vitax Q4' fertiliser
Plots occurring in the two main groups not
presented individually.

Lines connect similar treatments at different

points in time.
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But it should be noted that in Fig.4-12 all the Iield
plots were further away from the central grouping at the

second reading. There is still a clear separation of

turves and field plots,

Further predictions from thes turves suggestead
that the diversity index will rise on the controls and
the fertilised plots followed by a fall in ths controls,

the other treatments remaining constant. Species number

will be nearly double on the vnfertilised plots and all

treated plots will reach a 1007% cover before the

controls.
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GENERAL DISCUSSION

The ecological problems will be considered first
and the nanagement implications are set out at the end
of this discussion.

The differences between turves and field plots
may be demonstirated by the fact that the natural regene-
ration on the controls in the fielé was primarily by

Agrostis stolonifera followed by Festuca rubra, while

the first major species on the control turves was

Plantago coronopus followed by Isolepis setacea, Juncus

articulatus, Poa annue and Agrostis stolonifera (see

Appendices 2 and 3). A number of Festuca rubra seedlings

were ohserved on the turves but they all failed to
beoome established, The species content of the field
plots appear clecsest 4o the secondary succession des-~

cribed by HewZtt (1970) which included Festuca rubra

among the first colonisers, followed by Agrostis stolo-
nifera in.the damper areas. The species list of the
turves suggested a damper habitat such as the damp
pasture 'S5' of Willis et al (1959). This may be the
result of increased water supply in the greenhouse and
indicates a possible cause of the differences between
turves and field plots in the o dinations. On the areas
treated with fertiliser alone, Festuca and Poza made wup

10% of the vegetation on the 'Fisons 41' plots and 25%
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on the 'Vitax Q4' plots. The latter treatment produced

results closest to those on plots treated with micro-
nutrients by Willis (1963) and this suggests that these
may be limiting plant growth at Aberffraw.

There was an initial phase of colonisaticn of
the turves by annual species followed by a reaction
phase which may have been the result of the interaction
hetween plants as the peak in the cover of annuals coin-
cided with the time when the total cover was approaching
90%., The annuals may be excluded by the ircreased soil
compaction caused by plants as shown in Soil Experiment
2.

Alternative explanations are the leaching out of

nutrients or the completion of the life span of the

individual plants. Tke field plots were prepared at the

end of April 1971 and since many dune annuals had germine-
ted previously a faster initial growth and greater cover
might have been achieved if the treatments had been

carried out earlier in the year.

Tillage increased the cover of the field plots

and tn'ves but reduced it when combined with other treat-

ments in the field. The establishment of annuals was

also reduced by digzing in the field (Fig.4-T7a, b, ¢ and

d) but was initislly stimuleted and then depressed by

tillage on the turves, Fig.4-l0a. The possible advan-

tage of increased surface microtopographic variance may
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have been offset by a drying out of the surface layers
especially in the field (cf. Thuxston 1960). But the
seedlings that had been able to pernetrate the surface
of the untilled plots may have fcund a better water
supply aind so been able to survive (see Paper 1),
Digging had no effect on the perennials in the field
‘Fig.4-7e, f,g and h) except when combined with
fertilisexr when there was a negative interaction
producing less cover than would be expected from the
addition of the main effects, Digging of the turves
had a positive effect on the p@rennials (Fig.4-10a) but
the interaction with fertiliser was again negative,
Tiliage of the top one ofiﬁentimetres m2y be the best
comprcmise aé it would provide a greater surface micro-
topographic variance and, therefare, a greater range of
species would germinate (cf. Harper et al 1965). This
would also remove a high compaction layer if it was
present but still leave an improved water supply within
;reach' of the seedlings.

The difference in establishment between Poa

pratensis (2%) and Festuca rubra (12.4%) in the field

is interesting, particularly as care was taken to sow
potentielly equivalent numbers, The first reading in
October 1971 showed similar cover of the two species

when the plots were dug but where no seed was sown;
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this indicated that either the test conditions did not
coincide with those in the field, or that the sown seed
was different from that occurring naturally. If the
latter hypothesis is true, then the Poa strain is no%d
s0 well adapted as the Festuca to the field conditions
and this may be a reflection of the fact that the Poa
seed was only 23% of the weight of the Festuca. There
" 1s a tendency for the Festuca to increase its lead on
the dug plots so the Poa may also be suffering from water
shortage; naturally occurring Poa was found to prefer
slightly wetter stands than the Festuca, see Paper 2.
A nutrient shortage may also have affected the ratio of
occurrence of these grasses as fertiliser had a positive
effect on Poa but not on Festuca. Grazing by sheep and
cattle is a factor whichk may well have affected all the
field results particularly as sheep are selective and
could have grazed the Poa and similer 'lowland' species
preferentially (Milton 1940).

Both fertilisers caused an increass of ca 32% in
the amount of cover and number of species present on the
field plots, especially in conjunption with seeding
(ca + 2 spp.); diversity was apparently unaffected,

The realised diversity tended to be suppressed by the
fertilisers alone which suggested that only a few species

were able to spread as a result of the additional nutri-
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ents, The two fertiliser trsatments produced similar
effects on the main parameters., If the fertiliser
treatments are discontinued then a change of the pro-
portions of the various species may be expected,
e;pecially on the dug plots from which the nutrients
may leach out quite quickly. The higher nitrogen
level in the compact control plots (Appendix 4) is
interesting and mey well be the result of the mobiie
nitrogen being leached from the dug plots or locked up
in the greater vegetation cover on all the non-control
plotvs.

The management recommendations for recovery of
worn sand dune pastures depend on the future use of the
areas., By the time of the third field reading it is
already clear that the mai.agement aims, e.g. for cover
or diversity, must be decided before regeneration
techniques can be selected.

' If regeneration of the natural vegetation is
required the assumption that untreated plots will
regenerate to a 'natural' state must be made as there
was no 'natural' vegetation near the experimental plots;
the treated plots can then be considered in relation to
the controls, On the basis of species number, 'Fisons
41' with or without seed,; or digging and straw with

'Vitax Q4' all produce 7.6 species. But on the turves
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‘Figons 41' suppressed spe cies number to 4 and the
highest number at the last reading was 7.2 occurring
_on the controls. Diversity comes nearest the control
level (4.67) on the 'Fisons 41' field plots (4.57), dut
the ordinations suggested that digging slone, digging
plus straw or seeding produce a vegetation nearest to
the controls. On the turves, fertiliser alone is best
cn this criteria. Since the cover is greater on the
treated plots either digging plus straw or two applica-
tions of an N.P.K. quick relegse fertiliser is probably
the best treatment for 'natural' regeneration,

If cover alone, irrespective of which plants are
involved, is required then the application of a slow
release fertiliser and seeding give the best results at
95% cover, The spring of 1973 is likely to show nearly
one hundred percent cover on these plots, but this is
not the same as a close knit resistant turf which would
take ét least one more growing season to form. If the
requirement is for a high level of resistant species the
fertiliser should be of N.,P.K. quick release type and
two applications should be made., However, while the
fertiliser initially gave a good cover of resistant
species on the turves (Table 4-4) it dropped below the
level of the controls after week 35, so this recomnenda-

tion may have to be qualified at a later date.
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The best general treatment for cover, diversity
and species number is probably seeding and 'Vitax Q4',
but since this area of pasture is relatively near the
-water table, care would be needed in extending this
* -conclusion to the drier areas of sand dunes. As
-discussed above, the compacted soil may have a number
-of advantages so a very saperficial disturbance (or
-none at all if seed is sown cf. Harper 1957) is
~recommended where the organic crust is still intact.
“There was also a close source of seed and vegetative
:spread from plents near the track so it may not be
-necessary to draw on the seed bank in the compacted
-goil - if sufficient time is allowed for recovery.,
_Areas-of ground that have been probed by birds seeking
-a winter supply of fodd have been observed in the dune
-areas (Mr, R.W. Arthur, pers cqmm.); so the required
_emount of tillage and the preservation of the birds
-might be obtained by spreading the eppropriate food
con: compacted areas of track during periods of bad
vweather-and if the food is mixed with Festuca or Poa
:seed perhaps the whole operation can be carried out

- with minimum labour costs.
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APPENDIX 1
FERTILISER DETAILS

Ratios
N P X
'‘Fisons 41! 1.0 1.0 1.8

'Vitax Q4! 1.0 0.9 0.92

Additional Elements Present

'Fisons. 41! Caelcium sulrhate and chloride
' in small quantities

'Vitax Q4! Chelated micronutrients
Mangenese 30 ppm
Iron 60 ppm
Zinc 43 ppm
Copper 30 ppm
Boron 16 ppn
Molybdenum 0.4 ppm
Magnesium —2—Ppm

.13 7,
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THE MICROCLIMATE OF SAND DUNE TRACKS
INTRODUCTION

The importance of change in microclimate caused
by formation of tracks and its effect on the vegetation
is at present unknown. The principal physical changes
that occur when a track is created are the removal of
the tell surface vegetation and the compaction of the
soil, Previous workers have investigated +the effect
of such factors on the microclimate but not in the
actual track situation.

The effect of vegetation removal has been con-
sidered in isolation by several workers. Whitman (1967)
made the point that microclimate and plant cover are
interdependent and Ellison (1960) draws attention to
the fact that a reduction'of standing herbage and muich
leads to a lighter, warmex» and drigr micro-envirounme:t
&8 well as increasing water loss by evaporation. Vege-
tation cover has a damping effect on daily and annual
temperature range and it also reduces the deptir to which .
the thermal variatiocns penetrate (gichardson 1953 and
Willis et al 1959).

The surface temperature of a 'powdery mulch' can
rise 20°C above that in tall crops and the latter may

reradiate 46% of the solar radiation income compared
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incident radiation into the atmosphere., This effect
was investigated by Ludwig & Harper (1958) and a dark
s0il colour was found to raise the maximum temperature
by SOC compared.with a white so0il surface and this
mechanism may explain the high temperature of 63.5°C
found under moss by Boerboom (1964). The surface angle
in relation to incident radiation may also be signifi-
cant on some sloping tracks; a change in angle of 20
from the horizontal alters the solar climate to the
same extent as 140 miles of latitude at 42°N. (Sprague
1959). l

The effect of soil compection is to alter the
relative amount of the soil components present in a
given volume of soil. Since the principal componeants
in this case all have different thermal properti.es, the
thermal characteristics of the soil will alter as it is
compressed,

Compaction of sandy soils increases the mass of
sand in a given vdiume,Aaﬁd tends to increase the amount
of water in dry areas and decrease it in wet ones (Fig.
1~10); the volume of air is decreased. An increase in
the volume of sand at the expense of air will railse the
canductivity of the soil as will the greater thermal
contact between particles of sand in a compressed soil.

Baising the water content at the expense of both sand



-174-
and air will considerably increase conductivity (A).
Both these factors will at first increase thermal
diffusivity (k) but after an optimum point is reached
the rise in specific heat (pc) will offset the increasing
conductivity. The relationship between these is express-

ed by Lowry (1967) as follows :

XK = A
TC

The specific heat (pc) of the soils can be cal-

culated from the relative sand (bulk density) and water
contents assuming that all the solids are pure sand with
a specific heat of 0,2. If the thermal diffusivity is
estimated then the conductivity can also be celculated.
Since bulk density is known to change as a result of
pafh creation (see Paper 1), an associated change in

the thermal climate of the path plants may be expected.
An up-to-date and comprehensive account of this subject
is given in Lowry (1967) and Munn (1966).

The aim of the first investigations, experiment
la (summer) and 1b (winter), was to make a general
survey of the microclimatic changes caused by the total
effects involved in the creation of a path in 'natural
vegetation', The major emphasis was on temperature
differences ag this was considered likely to be the

primary factor affecting plant growth. Theoreticel



~175-
considerations discussed above suggested that soil
water content may be an ixportant factor in the change
in microclimate brought about by the creation of paths
80 in experiment la the micro climates of wet and dry
areas were also compared,

The levels of the factors which are actually
recorded at any one time will be strongly influenced by
the seasonal and daily variations in climate as well as
other environmental phenomena including the amount of
cleér sky, wind speed and the amount of mecipitation.
Compariscns between data recorded at different sites at
the same time will, however, zllow comparative statements
to be made, although the interaction between site differ-
ences and variations in the weather must be considered,

Experiment 2 was a study of the relative effects
of two ccmponents of path formation., Theoretical con-
glderations suggest that the two principal factors
affecting path microclimate are probably the removal of
the tall vegetation and the changes in the thermal
characteristics of the soil brought about by compaction.
The aim of this experiment was to assess the relative
importance of these two factors. This experiment was

carried out in July.

The morphoiogy of Festuca rubra from the areas

used in experiment la is briefly described.



Photo 5-1

Experiment la,
The wet track stand,
Hygrograph with
cover in foreground,
s0il thernometers

visible on rut with
anemometer beyond.

Photo 5-2

Experiment la,
Stand IV.

The dry 'natural
vegetation' stand
in tussock of
Ammophila arenaria




TABLE 5-1

VEGETATION IN % n®? AT EXPERIMENTAL SITES: FEBRUARY 1972

Species

Pomin ratings

Sxperiment la

Wet arealldry area 1h and 2

Experiments

I

II

ITII | IV I

II

Ranunculus acr;§
Ranunculus flamula
Cardamine pratensis
Viecla tricolor
Cerastium atrovirens
Linum catharticum
Trifolium repens
Lotus corniculatus
Potentilla anserina
Potentilla reptans
Hydrocotyle vulgaris
Salix rerens

Thymus drucei
Prunella vulgaris
Galium verum

Bellis verennis
Leontodon taraxacoides
Creris spp.
Taraxacum laevigatum

Juncus articulatus
Carex flacca

Carex arsnaria
Fastuca rubra

Poa annua

Poa pratensis

Poa pratensis

. 8pPp. subcaerulea
Ammophila arenaria
Agrostis stolonifera
Mibora minima
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TAELE 5-1 continued

Domin ratings

Species mxperiment la Dxperiments
. ‘Wet areajbry area | 1lb and 2
I IT IIII {IV I II

Tortula ruraliformis t 1
Acroéeoladiun cuspidatun 1 z
Camptothecium lutescens 3 1
Brachythecium albicans 1 1l
Moss * x
Lophocolea bidentata 1

* Small relict too badly damaged to identify.

The vegetation was recorded by estimating
Domin ratings in an area % m*®¢. This was
done in Februvary 1972 and the deciduous
Salix repens was without leaves. At the
time of Experiment la it would have had a
rating of 9 or 10,




Photo 5-3

Experiments 1b and 2. -
Stand I on dry track.

Fhoto 5-4

Experiments 1b and 2.
Stand II, dry
‘natural vegetation!

Note the soil tempera—ﬁ

tures were measured
with standard
thermometers in
Experiment 2 when
this picture was
taken.
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Tenperature

The air tenmperature (°C) was measured at the soil
surface and 2, 5, 10, 25, 50 and 100 cm above it using
standard mercury in glass thermometers. The bulbs were
protected from radiation from earth and sky by enclosing
"each of them in a cylindrical screen of perforated zinc
and.they were protected from rain or snowfall by a half
cylinder of plastic (see photos). The soil surface
temperature was measured by placing a thermometer on
the ground underneath the lowest screen.

Sqil temperatures were measured by placing
Cassellé soil thermometefs with 1.3 cm diamseter bulbs
at 2, 5, 10, 20 and 30 cm depths in holes made with an
suger. The space between the thermometer stems end the
sides of the holes were then filled with sand pcured in
from the top to prevent cold air flowing dovn to the
bulbs. The thermometers were placed on the track in a
line parallel to the side so that they would all be in
a similar compaction zone. In the natural vegetation
they were grouped in a circle with at least 8 om belween
them, a layout that brought them as close together as
possible without interfering with each other., A4ll

teﬁperatures were recorded every hour dvring the 33

hour period.
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Soil Thermal Characteristics

The specific heat estimation wes based on the

neasured bulk density and the water content at 10 cm

depth at each stand. The thermal diffusivity of the

soils at the time of each experiment was estimated from

the recorded temperatures., The heat equation used was

given by Batschelet (1971) as :

ar = 3%t

at aze
t = unit of time (a2 quarter of an hour in this case)
T = temperature.co
7 = depth of soil 'unit' (1 cm in this case)
k = the arbitrarily chosen thermal diffusivity constant
The equation was used tc calculate the heat flow thnrough
the

soils between the 2 cm and 30 cm depth, starting with
an estimated gradient which utilised the intermediate

measurenents at 5, 10 and 20 cm depth reccerded at the

start of the experiment. This was carried out by con-

puter programme 'temp' Appendix 1 which was run for the
34 hour sequence usiné an arbitrarily chosen k valus
and the 2 and 30 cm depth records, estimating the

temperatures at the intermediate depths. This was

carried out for each site and for each 34 hour experiment,
These estimates were then checlted against the

temperature recorded at 5, 10 and 20 cm depths, Four
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.instants in time were used, all based on the 10 cm

depth records, one at the lowest night temperature end
one at the highest temperature on the second day. The
third was at the temperature half way between the highest
first day record and the lowvest night temperature and

“he fourth was half way between the latter point and-

‘the highesd second day temperature. The difference

hetween the estimated and the recorded temperatures
were calculated and the k value that gave the lowest

difference was considered to be the value for that

particular soil.,

Relative Humidity

This was continuously recorded on Cassella thermo
hygrograrhs placed on the ground, one at each s.ite.

(plate 1). The hairs sensitive 10 humidity were bet-

ween 7 and 10 cm above the ground so that the recording
is an approximste mean for this layer of air. The
machines were first calibrated under the same ccnditions
when they recorded e maximum difference of 1.5%.
Light

This was recorded for all sites once an hour

using a Weston Master exposure meter with an integreting

'cone'! attached,
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Wind

Genaral air movement was measured linsarly by

a 12,7 cm cup snemometer placed on & stend 1,73 metres

‘above the ground between the sites. The kilometres

of wind were recorded every hour. Additionally for

experiments la and 2  smal)l anemometers with 2.1'cm
diameter cups were placed 14;4 crt above ground level at
each stand, |

Precipitation

A small rain gauge consisting of 4 cm diameter
funnel and collecting bottle was set up at each site,
See photb 5-1.

Data from Valley Meteorological Station

The Meteorological Office at Valley is a 'Key

Climatoclogical Station' and the instrumentation is of

- the standard required for that status.

The weather was clear and sunny with high
pressure areas centred over Southern England during
each period of study. Experiment la was carried out
on the 5th and 6th September 1971, Experiment 1b on
the 22nd and 231rd Februwary 1971 and Ixperiment 2 tn
the 7th and 8th July 1971.
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RESULTS AND DISCUSSION

. Comment on soil surface temperature measurements

The position of the surface thermometers was
protected from direct radiation from the sun, but had
the disadvantages that adjacent soil was not heated to
the same extent as exposed soil, and radiation from
the adjacent soil at night was restricted. Measvred'
surface temperatures were, therefcré, lower than true
surface temperature during the day and may have been
higher at night. The problems assoclated with measure—
ment of the soil surface temperature are discussed by
Munn (1L966), Harrell & Richardson (1960) and Monteith
& Szeiecz (1962).

The effect of a path on micrcclimate

Experiment la

. The soil strength readings and bulk densities,
Table 5-2, showed differences between the wet and dry
areas but the displacement of the track measurements
from those of the adjacent undisturbed vegetation was
similar in both cases. Thus, the assumption of similar
wear at both positions appesars to be justified. The
differences in soil moisture are shown in Table 5-2.

At 10 cm depth the wet sites have approximately three
times the amount of soil moisture found in the dry sqils.

The presentation of the results follows those of Geigexr



SOIL STRENGTH, BULK DENSITY AND WATER CONTENT

EXPERIMENT lsa.

Soil Strength Log Penstrometer Impacts

Site Numbers

I II III IV
Depth cm 6 1.43 0.76 1.25 0.25
12 | 1.83 1.33 1.64 0.84
18 | 2.07 1.55 1.90 0,93
24 { 2,14 1.60 1.97  1.27
30 ] 2.15 1,68 1,89  1.06
S6il Bulk Density g.om™
Depth em 6 | 1.21  0.82 1.4l  0.99
S0il Water Content % Weight
Depth em 10 | 15.7 19.4 5.9 4.9
20 | 14.7  14.5 5.1 3.7
30 | 14.3 11,7 6.2 6.1

N.B. The techniques used for estimating these

parameter were described in Paper 1,
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(1950) and Lowry (1967) (e.g. Fig.5-1). The vertical
axis represents the height ¢f the thermometer above or
below ground and time is plotted on the horizontal axis.
Thus a steep heat gradient at a perticular level will
be represented by closely spaced horizontal isotherms,
e.g. just below ground level in Fig.5-1. A rapid change
in time is represented by closely spaced vertical iso-
therms such as those occurring above ground after sunrise,
on September 6th at 6.00 to 7.00 hours (Fig.5-1). The
isotherms for air and soil temperatures are connected
for ease of reading only: +this is not meant to imply
'accuracy of the recorded surface temperatures,

The main fact that became clear from this
experiment is that the temperatures on the track ere.
moré extreme then in the adjacent vegetation. A com-
parison of the dry stands III and IV at 2 cm depth
shows that the path was up to 12.4°C warmer during the
day end 2.6°C cooler at night than the adjecent vegeta-
tion (Table 5-3). The mean temperatures for the three
hours 1200 to 1500 hours and 2400 to 03CO hours illus-
trate these points and are presented in Fig.5-2. The
differences were not so extreme in the wet area during
the day (5.5°C) but only slightly less at night (1.5°C).
The general relationship between path and vegetation

air temperatures were similar to those found by ‘



Fig.5-1
xperiment la. Stand III, Dry track temperatureé.
Temperature changes in time are shown on the
horizontal axis and with height above ground and
depth below ground on the vertical axis. The ground
level is shown by the horizontal line, The tempera-
ture is shown by isotherms for every degree C boundary
except where they are very close together.
he pericd of darkness is indicated by the

hatched line below the main diagran.
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TABLE 5-3. EXPIRIMENT la

SELECTED MAXIMUM AND MINIMUM SOIL TEMPERATU?BS,
RELATIVE HUMIDITIES AND MAXIMUM WIND SFEZDS

N.B. The xtreme measurements given here did not
necessarily occur on 2ll stands at the same time.

Stand Stand Stand Stand Site Valley
I II III IV Posgsi- Meteoro-
' tion logical
1.73mn Station
high
Soil temperature
at 2 cn depth
Max,1200-1800 23.4 17.9 30.4 18.0 - 20,0%
Min.1800-0600 13.0 14.% 10.4 13.C - 11.8+%
Max.0600-1800 3.7 18.4 30,4 19,5 - 22,4*
Relative
humidity %
}in.1200-1800 | 54 56 49 54 - 61
Max ,1300-~0600 100 100 100 100 - 91
Min.0600-1800 | 43 47 43 43 - 62
Wind speed
kn/hr
Max.1800~0500 0.8 0.0 0,2 0.0 3.1 18.5
Max.0600-1800 5.0 0.8 3.8 0.1 12.3 20.4

* Air temperature




Fig . 5"’2
' <
Experiment la., Mean midday (1200 - 1400 hr) and
3 )
midnight (OO0 - 0200 hr) temperatures for all

stands. Note the broken horizontal axis.

o Stand I Wet path
A étand iI Wet vegetation
® Stana III Dry path
A Stand IV Dry vegetation

The effect of compacticn cen be seen by
comparison of circles with triangles and of soil

water by comparison of outline with solid figures.
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Kockenhauer (1934) between concrete and turf.

In the vegetation the main temperature gradient
occurred sbove ground level, whereas it was below the
soil surface on the path (Fig.5-1, stand III and Fig.5-3,
stand IV)., The differences between these two stands is
shown in Fig.5-4. Wijk (1965) comments that the presence
of dense vegetation shifts the effective 'soil' surface
upwards and the upward displacement of the maximur
temperature at stand IV conforms with his observation;
these results are also similar to the temperature
profiles in different vegetation densities measured by
Berkley-Estrup (1971). One consequence of this dis-
placement is that during the warmest part of the day
the air above the path may be cooler than that in the
vegetation; +this is chown as a hatched area in Fig.5-4.
However, after 1600 Lours the relationship is reversed;
e similar change was recorded by Boerboom (1964) in a
dune wood, '

The greater soil moistures at site I on the wet
path (Table 5-2) had a considerable damping effect on
the daily temperature range in the upper layers of eoil
when compared with the dry path, e.g. a reduciion of 7°
at 2 cm depth, see Fig.5-5 and Table 5-3. The linear
flow of wind at the pgth stands was up to 3 k.p.h,

greater than that found in the vegetation and during

’



Fig.5-3
Experiment la, Stand IV. Dry natural vegetation,

The presentation is the same as in Fig.5-1.
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Fig.5-4

Experiment la. The difference between stands III

and IV showing the effects ox soil and air tempera-
tures of a path in a dry area.

The presenﬁation is the same as that in Fig.5-1
but the data presented are derived by subtracting the
temperature of stand IV {dry vegetation) from that of
stand III (dry path).

The hatched arcas indicate times and heights

where the path was colder than the vegetation.
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the periods of high incident radiation this could lower
the air temperature at those sites (Table 5-3). Corres-
pondingly, the lack of air movement in the vegetation
may have been responsibls for the greater development
of the midday high temperature 'islands' between 5 and
20 cm above ground. The reduction of scil temperature
rangé"by vegetation has been shown by many workers, e.g.
Wijk (1965) but the diffsrence recorded here is probably
extreme for this temperate environment, although not for
the sand duns situation. The principal factor vhich
caused this difference was the greater warming of the
path surface by short wave radiation from the sun,

The thermal properties of the soils for .all the
experiments are given in Table 5-4., The estimated
thermal diffusivities (k) for this experiment range
from 0,025 e&&vdegunigmzuisec.Fl to 0.0048 eei-dow.
cm}éisec."l, all rather higher than the 0.004 eakwdegu-l

ent Fsec, ™t given bty Lowry (1969) for wet sand but within

~x

8 reasonable range, The estimates of thermal capacity
(pe) are similar to the range 0.31 to 0.35 cal.deg.‘lcmfl
calculated by Stoutjesdijke (1961) for dune sends., But
the relationship between the maximum temperature and
depth is not a linear one end this suggests that the
thermal diffusivity varied down the soil profile so the

estimates should be treated with caution. However, the



TABLE 5-4

THERMAL PROFERTIEZES OF SOILS
T pC Xk ~
cal.deg St . cal.deg. —]i_
cm—L cm.2 sec™t| cm., ™t sec™
Experiment la
Summexr
Wet path Site I 0.4389 0.0077 0.0034
Wet vegetation Site II | 0.3279 | 0.025 0.0082
Dry path Site III 0.3538 | 0.0048 0.00L7
Dry vegetation Site IV | 0.2455 | 0.0059 0.0015
Experiment 1b
Winter
Dry path 3ite I - 0.1 -
Dry vegetation Site II - 0.0064 -
Experiment 2
Summer
Dry path Site I 0.3059 | 0.0036 0.0011
Dry vegetation Site II | 0.2524 | 0.0033 0.0008
Cut dry vegetation
Site TII 0.2579 | 0.0031 0.0008

The thermal capacity (pe) of the =0il was calculated
from bulk density and water content records, the

thermal diffusivity (k) was estimated from soil
temperature records and the thermal conductivity
was calculated from pc and k.,
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level of accuracy appears adequate for the purpose of
making general statements about these soils.

The most obvious and expected effect associated
with path creation was the increase in thermal capacity
(pc) of the compacted soils which was raised by about
30%# (see Table 5~5). The thermal diffusivity was,
however, reduced by compaction especislly in the wet
soils where conductivity was alsc reduced, but it was
slightly increased at the dry sites. Since the value of
k and the soil water content decreased as the consequence
of compaction in the wet area, the 15% level of soil
moisture appears to be towards the peak of thermal
conGuctivity.

The effect of higher soil water content cn both
the paths and the vegetated stands was to reise the
level of all the thermal constants (especially in the
presence of plants) and to lower the maximum soil
temperatures by 6.7°C and 1.1°C respectively. This was
the consequence of the heat energy bYeing dispersed more
quickly through the wet soil and also the absorption of
a greater amocunt of energy with less rise in actual
temperature, thus ameliorating the extreme conditions
found on paths.

The relative humidity was similar at all sites

ranging from 49% to 56% on the first day, 100% at night



TABLE 5-5

THE DIFFERENCES BZTWZEN THE THERMAL FROPIRTIES
OF VARIQUS SOILS CALCULATED TO SHOW THE EFFIZCTS
OF SOME ENVIRONMENTAL FACIORS

et ’ pc k A
Environmental -1 -1
Factors cal.deg. _ Cal._deg. =
cm'(}i cm.2 secl an. lseo 1
Experiment la
Path effect in wet area
Stand I minus stand II { +0.1110 | -0.0173 -0.0048
Path effect in dry area
Stand IIT minus stand IV | +0.1133 -0,0011 +0.,0002
The effect of increased
water content
Path: stand I minus
stand III +0,0801 | +0.0029 |+0,0017
Natural vegetation:
gtand II minue stand IV | +0.0824 | +0.0191 +0,0067
Experiment 2
Dry path effect
Stand I minus stand II { +0,0535 {+0.0003 |+0,00G3
Effect of vegetation
removal
Stand IIIminus stand II ! +0.,0055 -0,0002 C
Effect of compaction
of soil
Stand I minus stand III| +0,048 +0.0005 +0,0003
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and 43% to 47% on the soccond day. Theo wet areas,
however, lagged approximately two hours behind the dry
ones during the morning fall on the second day and
stand II was one hour behind stgnd I in the early part
of that fall,

The light readings were the same in the exposed

portions of all sites,

1

No wind movement over 0.1 km.hr — was racorded

neaxr the ground at stand IV and a maximum of only 0.8

¥m.hr™T was reached at stand II., Both path stands

1

experienced over 2.5 km.hr — on the first dey and 3.8

1

km,hr — on the second, The anemometer at 1.7 m height

1

mid-way between the sites reached 7.3 km.hr — on the

first day and up to 12.3 k.m.hr"l on the second day,

There was no air movement over 0,8 km.hr'l

at ground
level during the night. Sea breeze effects were noted
.at Valley on both days.

No measuratle precipitation occurred during the
time of the experiment.

Eiperiment 1b

This experiment was similar to the wevious one,
but only carried out in a dry area and during the winter
(February 1971).

The diurnal variation of temperature was much

less than that found during the summer but the path
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again showed greater extremes, Fig.5-6 and Table 5-6,
One notable difference was that the deep path tempera-
ture at 30 om was lower -than that under natural vegeta-
tion, whereas it was higher in summer.

The estimates of thermal diffusivity of the two
stands are given in Table 5-4, That of the path stand
ig extremely high, partly a result of the method of
estimation, butv there is no doubt that it was much
higher than the vegetated stand II. Unfortunately, the
soil water content was not recorded so the other pare-
meters cannot be calculated,

The relative humidity was about 64% over the path
and 70% in the vegetation during the fir st day and 88%
to 93% at night. The vegetated stand was up to 6% above
the path except for the first four hours when the
difference was 8% and for two hours after noon on tae
second day when the path stand was 3% higher than the
vegetated one, '

Wind speed was between 9 and 18 km.hr~% from the
S-SW throughout the experiment.

A study of the relative effects of vegetation removal
and soil compaction on the microclimate

Experiment 2

Three stands were placed at the Jame site as

that used for Experiment 1lb, stand I was on the track



Fig.5-6 -
Experiment 1b, The difference between stands I and
IT showing the effects on soil and air temperatures
of a path in a dry area during the winter.

The presentation is the same as in Fig.5-4.

The hatched arcas indicate times and heights
when the path was cooler than the vegetation.

Note the colder dsep soll temperatures com-

pared with the summer situvation in Fig.5-4,
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TABLE 5-6. EXFERIM:NT 1b

SELECTED MAXIMUM ARD MINIMU!T SOIL TEMPERATURES,
RELATIVE HUMIDITIES AND MAXINUM WIND SPEEDS

N.B. The extreme measuremenis given here did not

necessarily occur at all stands at the same tine,

Stand Stand Site Valley
I II position Meteoro-
1.73 m logical
high Station
Soil temperature
at 2 cm depth
Max. 1200-1800 8.0 6.1 - 8.6
Min. 1300--060C 5.0 5.2 - 6.1
Relative
hunidity %
Min. 1200-1800 €4 70 - 84.2
Mex, 1800-0600 88 93 - 94.0
Min. 0600-1800 60 61 - 74.1
Wind speed
km/hr )
Max. 12C0-1800 - —- 12.4 26
Max. 1800-0600 - - 16.1 37.1
Max. 0600-1800 - - 17.7 37.1




-188-
showing the combined effects of vegetation removal and
soil compression, stand II was in tall vegetation
(photo 5-4) and stand III was in an adjacent area
cleared of vegetation. A comparison of the results
from stands I and III show the effect of soil compaction
alone and a comparison of stands II and III demonstrates
the effect of vegetation removal. The soil characteri-
stics for this experiment are given in Table 5-7.
Stands II and IIY are similar while I is more penctra-
tion resistant and has a higher bulk density and
water content.

The effect of 30il compaction was to lower the
day time scil temperature by a meximum of 7°C and to
raise it slightly at night (Fig.5-7). The day time air
temperatures over the compucted soil were also generally
cooler. This result was anticipated by Willis & Raney
(1971) when they stated that a surfaco layer with a
loose crumb structure, lighter texture and low water
content will exhibit a greater amplitude in the daily
temperature wave., The soil thermal characteristics are
"similar to the physical ones, Table 5-4, the path soil
having a higher thermal diffusivity, capacity and con-
ductivity than the other two stands (Table 5-5). These
differences are then a summary of the effects of soil

compaction which tended to ameliorate the conditions



TABLE 5~7. EXPSRIIMENT 2.

SOII, STRENGTH, BUILK DENSITY AND WATER CONTENT

Soil Strength Log Penetrometer Impacts

Site Numbers
I II IIT
Depth in cm 6 1.32 1.75 0.29
12 1.85 0.46 0.64
18 2.11 0.72 0.8
30 2.11 0.94 0.97

Soil Bulk Density &.cm™3

e ot e ——

To 6 cm depth 1.39 1.15 1.25

Soil Weter Content % Weight

Depth in cm 0 0.2 0.9 0.2
2 2.0 1.7 0.4

5 3.3 1.2 0.5

10 4.0 1.2 0.6

20 4.4 1.5 1.0

30 4.4 4.4 4.0

N.B. The techniques for estimating these

parameters were described in Paper 1.




Fig.5-7
Experiment 2. The difference between stands I and
III showing the effect on so0il and air temperaturés
of soil compaction alone. The presentation is the
same as in Fig.5-4. .
The hatched areas indicate times and heights

when the compressed soil was colder than the uncom-

pressed soil,
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found on bare soil away from the path.

The effect of vegetation removal alone was a
great increase of up to 14°C in the soil temperatwres
during the day and a slight drop at night. The air
temperatures were, hoWever, generally cooler above a
height of 5 cm. This can be seen from a comparison of
stends II and III, Fig.5-8"% The difference ceused by
vegetation removal was probably due to a greater absorp-
tion of the sun's radiation by the bare soil and a
greater heat loss ty long wave radiation from the soil
at night. The displacement of the steep gradient from
the soil to the air by the vegetation was again evident,
The estimated heat diffusivity and specific heats of
both sites werevirtually the same (Table 5-5) so the
thermal properties of the soil contribute very little
to the observed differences.

The combined effect of these two changes (Fig.5-3)
was to raise the path soil temperature throughout the
period; by up to 9°C during the day and 1°¢ at night.
The alr temperature over the path was up to 6°C colder
than that over the long vegetation during the day and
2°¢ warmer at night. .

The minimum relative humidity ranged from 34% to
47% on the first day, and the maximum from 91% to 100%

at night; the following day the minimum was from 38%



Fig.5-8
Experiment 2. The difference between stands I and
II showing the efrect on soil and air temperatures
of vegetation removal and soil compaction, i.e. of
a path. The presentation is the same as in Fig.5-4.
The hatched areas indicate times and heights

when the path was colder than the vegetation.
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Fig.5-9 ‘
Bxperiment 2. The difference between stands III and
IT showing the effect on so0il and air temperatures of
vegetation removal alone. The presentation is the
same as in Fig,5-4.
The hatched areas indicate times and neights
when the site without vegetation was colder than the

site with vegetation.
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to 41% (Table 5-8). The vegetated stend II was generally
about 4% lower than stands I and III during the day and
about 14% higher at night. There was no cloud throughout
the experimental period and no meessurable precipitation,

‘ The wind speed near the ground was between 2 and
5 km.hr~! at stands I and III during the daytime while
it was never above 1.1 km.,hr~l at stand II, There wes
no wind recorded near the ground at night. The data from
Valley indicated a sea breeze effect occurred on both
days.
Morphology of Festuca rutia from stands I to IV,

Experiment la,

The morphology of 20 specimens of Festuca rubra

taken from each stand in Experiment la was investigated;
the results are given in Fig.5-10, (There was :i.0
Festuca right in the wet sites but the samples were
gathered from the nearest possible points). The path
examples all had shorter tillers and leaves, and reduced
dry weight per plant and per tiller, Figs.5-10b, f, g
and i, There were also increases in the proportion of
dead material, Fig.5-)0h; and in the percentage of dead
tillers on the plants from the dry path stand, Fig.5-10c.
There was an increase in the number of tillers and the
number of live leaves per plant from the wet path stand,

Figs.5-10a and 4. Most of these changes could be aulicpaled



TABLE 5-8. EXFZRIMENT 2

SELZCTED MAXIMUM AND MINIMUM SOIL TEMPERATURES,
RELATIVZ HUMIDITISS AND MAXTIMUM WIND SPEEDS

N.B., The extreme measurements given here did not
necessarily occur on all stands at the same time.,

Stand Stand Stand Site Valley

I I I1I Positior Ideteoro-
1.73 m logical
high Staticn

Soil temperature
at 2 cm depth
Max. 1200-1800

34.2 29:9 39.0 - 25@0*
Max. 0600-1800 34.7T 29.3 41.5 - 25.5%
Relative
humidity %
Min. 1200-1800 47 43 34 - 47
Max. 1800-0600 91 91 100 - 91
Min. 0600-~1800 41 41 38 - 57
Wind speed
km/hr
Max, 1200-1800 5.4 1.1 4.1 8.7 16,6
Max. 1300-0600 0.2 0.0 0.0 3.2 11.1
Max. 0600-1E€00 4.7 1.0 4,5 8.7 18.5

¥ Ajx temperzture



Fig.5-10

Festuca rubra, Morphology of samples taken from a

10 cm square-quadrat near stands I and II and at
stands III and IV, Zxperiment la.

a) tillers per plant

b) meén live tiller length

¢) percentage of dead tillers

d) 1live leaves per ulant

e) 1live leaves per tiller

f) mean length of live leaves cm

g) dry weight per plant g

h) percentage of dead material g

i) dry weight per tiller g
b), £), g) and i) all show obvious changes due to

path effects, a),c), d) and e) tend to show soil

water effects.

L2 se
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but the marked increase in tiller and live leaf number
on plants from near stand I were unexpected. DPaper 1
also gave data on the increase in tiller number as a
result of both shoot damags and soil compaction, so
damage may have stimulated this response but it could
have been inhibited at stand III because of limited
water supply and possibly the more extireme thermal
environment. The only raramecter that responded to

s0il water alcne was the higher aumber of live leaves

per tiller,
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GENERAL DISCUSSICN

Trhe effect of path creation was to extend the
80il temperature range and to increase slightly the
range in the air above the path, see Zxperiments la and
}p. ?he soil increase in range was only 3°C in winter
but could be as much as 15°C in summer. The thermal
Eygyaoteristics of the soils were only slightly altered
by compression in the dry areas in the summsr, but in
éhe wét area the diffusivity wes markedly decreased.
;?P??e was, however, an increase in diffusivity in the
Egry' areg in the winter. This suggested that in dry
Eﬁgﬁd_dgne pesture the major change was caused by the
.removal of the vegetation above ground.

The results of Experiment 2 also show that the
-process of vegetation removal has a greater influence
;ypan 80il compression on the path microclimste under
:gynéitions of high incident radiation pertainitiz at the

. time of this experiment. There is evidence from this
. experiment that the soil compression operates in the
:opposite tdirection' to the effects of vegetation
:éépoygl, i.e. it tends to reduce the soil temperature
- fenge.

\ __The presence of high levels of soil nmoisture

5§duced the temperature ranges on paths and in the

y

taller vegetation. As pointed out in Willis & Raney

Tz

i
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(1971) compaction affects the heat content end trans-

mission in soil by changing soil density, soil water

relations and plant growth. The increase in densivy

increases thermal conductivity unless water is replaced

by a material of lower conductivity such as organic

material. In the dry areas measured in the summer there

was a small increase in conductivity but in the wet area
the estimated path conductivity was lower than under the
adjacent undisturbed vegetation and this suggesved that

there may have been a high organic content with low

conductivity at the wet stands, Thermel diffusivity

was only slightly affected by compaction ian the dry

areas but showed s marked decrease in the wet areas,

Sprague (1943) found that Festuca rubre would

germinete at alternating temperatures of 31° - 4000.

whereas Poa pratensis did not germinate above 22°
31°C. This difference may explain why Festuca occurs on
sites with a mean of 11% water content whereas Poa
sites had a mean of 15% and, therefore, have lower

meximum temperatures. (See Paper 1).

The general effect of a path was to create a
more continental climate than that of the tall vegeta-
tion but the areas of bare sand have even more extreme

conditions than those found on the path. This indicates

thet primary colonisers may have a continental distri-
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bution, being specially adapted to withstand these
conditions or they may avoid them as in the case of
the winter annuals, The species found on the paths may
be expected to have a wide continental distribution and
the data on the most common species found at Aberffraw
(Appendix 2) shows that this is correct.

This work suggests that the choice of species to
sow for the regeneration of dune’ paths should be restrict-

ed to heat resistant species such as Festuca rubra and

the more conventional Poas and Lolium be avoided., It
would also be wise to sow early in the spring so that
the seedlings can become well established before they
are exposed to the high temperatures that can occur on
the drier paths. It should also be noted that the
application of nitrogenovs fertilisers can lower the

cold resistance of Poa pratensis (Carroll & Welton 1938)

so. they should also be used with care.



-195- = .
REFERENCES

Barclay-Estrup, P. (1971). The description and inter-
pretation of cyclical processes in a heath community,
IXIT Microclimate in reletion to the Calluna cycle.

J. Ecol. 59, 143-67.

Batschelet, E. (1971). Intrcduction to Mathematics for
" Life Scientists, Springer Verlag, Berlin.

Boerboom, J.H.A. (1964). Microclimatological observa-
tions in the Vassenarse Dunes. Msded, LandbHoogesh.
Wageningen 64, 1-28. .

Carroll, J.C. & Walton, F.A. (1938). ZEffect of heavy
and late applications of nitrogenous fertiliser on
the cold resistance of Kentucky bluegrass, Plant

Dreibelbis, R.F. (1951). A summary of data on soil and
air temperature at the Worth Appalachian Experimental
Watershed, Coshocton, Ohio., ZProc. Soil Sci., Soc, Am.

15, 394.

Ellison, L. (1960). Influence of grazing on plent
succession of range lands. Bot. Rev, 26, 1-T8.

Geiger, R. (1950). The Climate near the Ground.
Harvard, Mass.

Harrell, W. & Richardson, E.A. (1960). Ieasurement of
sensible air-ground interface temperatures. Non.
Weath. Rev., U.S. Depo Agx'ic; 88, 269-2730

Kochenhauer, W. (1934). Mikroklimat., Erganz zu: In
wiewejt sind d, Temp. u. Feuchtigh. Mess unserer
Flughafen repraséntativ? Erd. Ber. d. leutsch Flu
wetterd 9, Folge No.2. Cited in Ceiger, R. (l950§.

Lowry, William P. (1967). Weather and Life. An Intro-
duction to Biometeorology. Academic Press, London,

Ludwig, J.W. & Harper, J.L. (1956). The influence of
environment on seed and seedling mortality. VIII The
influence of soil colour. J. Ecol. 46, 381-9,

- sy



-196-

Monteith, J.L. & Szeicz, G. (1962). Radiative tempera-
ture in the heat balance of natural surfaces. Q. Jl.
R. metc SOC. 88’ 496—5070

Munn, R.E. (1966). Descriptive Micrometeorology.
Academic Press, New York.

Richardson, J.A. (1958). The effect of temperature
on the growth of plants on pit heaps. J. Ecol, 46,

Russell, Sir Z. John. 9th Ed, Russell, Z., Walter (1961).
Scil Conditions and Plant Growth. Longmans, London.

Sprague, M.A. (1959). Microclimate as sn index cf site
adaptation and growth potential. Grasslands (2d. H.B.
Sprague) pp.49-57. American Association for the
Advancement of Science, Washington, D.C.

Sprague, V.G. (1943). The effects of temperature and
day length on seedling emergence and sarly growth of
several pasture species, Proc. Soil Sci. Soc. Am,

8, 287-95.

Stoutjesdijke, Ph. (1961). Micrometeorological measure-
ments in vegetations of various structures I, II and
IIT. Proc. K. ned. Akad. Wet., Amsterdam, 64, 171-207.

Whitman, W.C. & Wolters, G. (1967). Microclimatic
gradients in mixed grass prairie. Ground Level Clima-
tology. (Zd. Robert H. Shaw) pp.l65-85. Americen
Association for the Advancement of Science,
Washington, D.C. '

Wijk, W.R. van (1965). Soil microclimate, its creation,
observation and modification. Met., Monogr. 6, 59-73.

WO, ‘A,

Willisf& Rane;zkl97l). =zffects of compaction on conternt
end transmission of heat in soils, Compaction of
Agricultural Soils. pp.l65-77. American Society of
Agricultural =Zngineers, dMichigan.

. e e~ ——— e LRSS S — - —-—

" Lowry, '7Tilliam P, (1957). ¢ eather and Life', An
t  dintroduction to biometeorology. Acadeulc I'ress H.Y.
;' & Londo

. Willis, A.dJ., Folkes, B.7., Hope-Siupson, J.F., &
Yemun, E.%. (1953). 3rauntion Burrows: The dune
systen and its vegetation II, J. 3codl. 47, 243-E8,

. - - o ——— .

»



_,
-

53 KH1:=HH/

54  HH2:zlhpss

5% PriizA{Xe2]);

nh  “END®

57 “kND“; . .
%8  "FOR" x:z=? “STEP% § ~UNTIL* 30 “DO*

b TEx, T[M)2=ArX]: N . R

60  “FND*;

61 “PRINT® 7*L3**:

62  “PRYNT* ALIGNED(1,4),°°L°*K IS *.,K,’ CHM*2 SECe-1°:
63 “PRINT= ¢L*; o

64  "PRINT* ‘‘L* TEMPERATURE PROFILES AT 2 6~ 10 20 AND 30°;
65  ALIGMED(2,1)3 o

66  "PRINT® ‘‘L**;

67  “FOR“ TJM:=1 *STEP* 3 “UNTILL"™ 16 *DO" “PKINT®

68  T[2.TIM); —
A9 MERIMT™ *°L**: _ )
70 “FOR® TIM:z1 *STEP® 1 “UNTILL® 16 “DO™ “PRINT* T{5.TIn]1;
71 "PRINT® “'L**; X -
72 - “FOR* TIM:=1 “STEP* 1 “UNTILL® 16 =DO* *PRINT* (C10,TIK)3 ~
73 “PRINT ‘L3 .
74  “FOR* TIM:=1 "STEP" 1 “UNTILL® 16 "D0" “PRINT" T[20.TIM1:
75 YPRINT® ‘°L‘‘: o .
=7 " 76 ° “FOR* TIM:=t *STEP™ 1 *UNTILL® 16 “DG* *PRINT* T[30,TINIs ~°
77 “PRINT® “7L2'‘; 3 _ _
T 78. “FOR* TI1H:=17 “STEP* 1 "UNTILL™ 34 *DO" "PRINT® T£2,TINI1s
_ 79 PRINT® ‘*L*‘; N
57 " R0 FOR® TIH:=17 “STEP* 1 “UNTILL* 34 ~DO= =PRINT* T(5,TIH};
L. Bl YPRINT® “L‘‘; . -
= 82  “FOR* TIM:=17 *STEP* 1 *UNTI{¥ 34 #p0* “PRINT™ T{10,TIMIF- -
83 "PRINT® *L*‘; - .
“7 "84  "FOR™ TTMz=17 *STEP" 1 "UNTILL™ 24 “DO® “PRINT= TC20,VIN): '
85  “PRINT= +/L**;
A&  “FOK" TIM:=17 “STEP* 1 “UNTILL* 34 *pO" "PRINT~ T(30,TIN]:
87  "GOYTO" L;: e .
88 LEND: “END* PRGGRAM; -~ 2 77T T~ TTTo--
STEMP'PRINT CUT
KIS  u.00%9 CMr2 SECe-1
VEMPEKATURE PROFILES AT 2 5 10 20 AND 30
13.8 13.6 13.5 13.1

17.5 10.0 18.0 17.6 17.4 16.9 16.4 15.4 15.0 14.5 14.1 14,1

19,1 17.0 17.3 17.2 17.1 16.9 16.5 16.0 15.5 15.1 14,7 14.6 14.4 14.1 14.0 135.7
19.5 15.9 16.3 16.5 16.5 16.5 16.4 16.3 15.0 15.7 15.5 15.2 15.1 14.9 14.7 14.5
1%.0 15.1 15.3 15.4 15.6 15.8 16.0 16.1 16.1 16.1 16.1 15.9 15.7 15.6 1.4 15.2
12.5 1%.0 19,2 25.4 15.% 19.9 16.2 16.2 16.3 16.2 15.9 15.7 15.5 15.4 15.4 15.3

15.6 16.8 18.0 19.5 19.5 19.2 18.7 18.4 18.0 17.2 16.5 19.9 15.5
18.4 18.4 1h.3 18.1 17.9 17.4 16.9 16.4 106.0
17.4 27.4 17.4 17.3 17.1 16.8 16.5
16.4 16.6 16.7 16./ 106.7
16.5 16.06

13.0 15.1 13.0 13.5 13.5
11, 13.5 33.4 13.6 14.1 14.9 15.8 16.7 17.8
14,8 14,1 14.0 14.0 149.1 24.4 14,9 15.4 10.1 106.8 17.2
1.1 1%.0 14.9 14.b 14.7 14.7 14.8 14.Y 15.1 19.9 15.8 1n.1 16.¢
15,8 19,8 15.3 15.3 15.3 15.2 15.3 15.3 1>,7 15,8 15,9 15,9 16,0 16.2 16.4 16.5



APPENDIX 2

DISTRIBUTION OF COMMON SP=ZCIES FOUND AT ABERFIRAW

A list of the plant species common at Aberffraw

according to their 'track preference index!

in Paper 1.

derived

Their world distribution is listed in

column three so that their relationship with the

'continental' track climate can be assessed.
Track
Species prefer- Distribution
ence
index
Bellis 10 Throughout British Is., Europe.
perennis W. Asia.
Poa pratensis 10 Throughout British Is., Europe,
but only on mountains in S.,
temperete Agia, N. Africa, N,
America, N, Zealand,
Juncus S Throughout British Is., 3.Zurope,
articulatus Asia, N, africa, eastern K.
Anerica; introduced S. Africa,
~ Australia and N. Zealand.
Potentilla 9 Throughout British Is,, Zurope
anserina (not Arctic) to N. Portugal, C.
Spain, N, Italy, N. & C., Asie,
- N, Persia, W. Himaleya, leanchria,
Japvan, N. America to New Jersey
& N, California, S. America,
Victoria, Tasmania, N. Zeuland,
Brachythecium 8 Throughout British Is., Zurope,
albicans N. Africa, N. america and K.
Zealand,
Taraxacum 8 Lowland Britain & Ireland.
laevigatum Europe.
Agrostis 7 Throughout British Is., Zurope
tenuis N. Asia, N, America; introduceé

Australia, N, Zealand, Tasmaiisa.



Track

Species prefer- Distribution
ence
index
Carex flacca T Throughout British Is., Zurope,

Festuca rubra

Galium verum
Taraxacum
officinale

Trifolium
repens

Agrostis
stolonifera

Leontodon
autumnalis

Leontodon
taraxacoides

Thymus drucei

Tortula
“ ruralifornmis

N. Africa, Siberia; introduced
N. America, W. Indies & N.
Zealand.

Throughout British Is., Europe,
N. Africa, temperate Asia, N.
Anerica, on mountains in S,part
of its range.

Throughout British Is.,, EZurope
except Russia, /. Asia.

Throughout British Is. & N.
Hemisphere.

Throughout British Is., Europe,
N. & W, Asia, N. Africaj intro-
duced S, Africa, Atlantic Is.,
N. & S. America, E. Acia.

Lowland British Is,, Zurope,

C. Asie, Japan, N. America;
introduced Austrealia, N.Zealand,
S. Africa.

Throughout British Is., Zurope
except Greece, N. & V. Asia,
Africa, Greeniand; introduced
N. America.

British Is. to S. Scotlard,
Europe to Denmark, Gotland and
C. Russia.

Throughcut British Is., Green-
land, Iceland, Faeroes, %.Norway,
France, N.W. Spain,

Throughout British Is., Europe,
Asia Minor, N. Africa, N.America.



Track

Species prefer- Distribution
ence
index
Anthoxanthum 5 Throughout British Is.,, BEurope,
odoratum Western W, Africa, Asia Minor,
Caucasus, N, Asie only on moun-
tains in S.; introduced N.
America, Australias & Tasmania,
Camptothecium 5 Throughout British Is., ZBurope,
lutescens Asia Minor, N. Africa, N.America.
Carex arenaria 5 Maritime Britisﬁ_ls., coasts
Europe, not Arctic., Black Sea,
Siberia, N. America.
Lotus 5 Throughout British Is.,, Surope
corniculatus to 71 °N., Asia, N, & =Z. Africa.
On mountains in tropics,
Ammophila 4 Maritime British Is, & W.Europs
arenaria except Arctic.
Tuzula 4 Throughout British Is., S.Europe,
campestris N. africa, N. America, llalaysia,
N. Zealand, etec.
Potentilla 4 Throughout British Is., 3.Europe,
reptans Mediterranean region, /., Siberia,
Turkistan, Persia, Himalaya;
- introduced N, & S. America.
Senecio 4 Throughout British Is., Europe
jacotea to 62 N, Caucasus, W. Asia, N.
Africa; introduced N. .America &
N. Zealand,
Viola canina 4 Throughout British Is., Europe
to C. Spain, Portugal, N. Italy,
Macedonia, N.W, Asia Minor, C.
Asia (rare).
Poa 3 N. British Is., N.W. Eurone.

subczerulea



Track

Species prefer- Distribution
ence
index
Prunella 3 Throughout British Is., S.
vulgaris Europe, temperate Asia, N.
Africa, N. America, Australia,
Viola 2 Throughout British Is., Zurope
tricolor from Iceland & Scandinavia to
Corsica (mountains), IN. Italy
& Macedonia, asia Minor,
Caucasus, Siberia & Himalaya.
Linum 0 Throughout British Is., Zurope,
catharticum Iceland to N, Portugal, C. Spain,

Corsica, C. Italy, Macedonic &
Caucasus, Asia lMinor, Fersia,
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FINAL DISCUSSICN

Bcological relationships

The various chanzes brought about by trampling
are summarised in a logical model (Fig.6-1). This is
derived from a more complicated originsl constructed in
conjunction with Dr, J. Barkham., The postulated rela-
tionships are considered to be causal in nature but the
perameters involved in each step are not necessarily
all the same.

The vertical forces for static conditions range
from 740 g.c:m"2 for sheep to 1,600 g.cm"2 for cattls
(Spedding 1971) and are from 160 g.cm™2 to 206 g.cm™2
for men (Paper 3), but the dynamic forces for men
sverage 1,478 g.cn~2 {Harper et 21 197E), Herper et al
(197L) also found that the horizcntal forces may be up
to 32% of the body weight. The vertical force exerted
by a car was between 936 and 1,611 g.cm"2 (Paper 3):
the horizontal forces are extremely variable at the
soil surface but are considerable,

The first visible effect of these forces is 1o
reduce vegetation height (Gillham 1956). ZIven after a
gummer recovery season the height of the vegetation was
still reduced by 15% after three times 16 pasgsages
(total 48) by a person wzalking the previous winter. A

total of 384 passages epplied and measured in the same
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way reduced height by 55%. the biomass on an existing
car track was only 13% of the adjacent natural vegeta-
tion but on a footpath it was 20% (Paper 2). Eight
passages cf a vehicle reduced live shoot biomass by 14t
and in the field they increased soil bulk density by
12%4; but an increase in bulk density of 32% produced
a 15% rise in biomass when the vegetation was undamaged
(Paper 1). The effect of 'trampling' is rnegative vwhen
only the direct efrfect on the plant &as considered but
it is indirectly positive through its effect on the soil.

The effect of trampling on the mobilisation of
reserves is apparently unknovm but severe defoliation of

Dactylis glomerata resulted in mobilisation of 1lzbilas

reserves (Davidson & Milthorpe 1965), and defoliated

tillers of Poa pratensis were shown to import assimi-

lates from source tillers that they would not rormelly
utilise (Nyahoza 1971). A reduction in the leaf size

of Trifolium repens as a result of mechanical damage

was noted by Bates (1934) and at one point on a wide
sand dune track used by a van 40 times every other
week for 20 weeks in sumner o reduction of 57% in mean
leaflet area was recorded, The consequence of these
changes on establishment or survival has apparently not
been measured but the common practice of restricting

access 0 newly sown lawns is probably based on sound
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foundations, .

The calculated regression lines of soil bulk
density on the log of the number of passages had R®
values of 0.86 and 0.91 for walkers and vehicles
respectively. The penetrometer provided a more sensitive

distinction between the two types of wear with R2

values of 0.95 and 0.93 (see Paper 1), Data from

established paths and tracks showed that there was an
increase in scil water in dry areas and a reduction in
very wet sites as a result of compaction (Fig.l-3).
This difference is probably one of the reasons for the
varying reports of this effect of trampling. In some

instances the reduction in air filled pore space could

“lead to oxygen shortages but this was not measured

directly (Fig.1l-11b). The nitrogen content was up to
68%4 higher in compacted soils than in those artificially
tilled, but phosphorus, potassium and sodium levels
were higher in the dug soils ( Papsr 4). The effect
on the mineral cycles is uncertain but tillage may
accelerate the cycling of nitrogen.

The germination and establishment of Festuca
rubra on compacted soil was only 57% of that on soil

that had been tilled and of Poa pratensis only 24%.

However, this failure was overcome by the use of ferti-

lisers over a period of two growing seasons (Table 4-2).
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Survival and growth of established plants was increased
by compaction in greenﬁouse conditions, Light trampling
has also been shown to stimulate growth of dicotyledon-

ous species, such as Bellis perennis, Fig.2-6b, es has

the low number of impacts of an experimentel trampler

on Phleum pratense (Bayfield 1971).

The extremes of the track thermel range wers
extended by 149C as a result of vegetation removal
(Fig.5-9), but soil compaction reduced this to 9°C
(Fig.5-8). The soil changes again appear to have a
beneficial effect on theplants' environment.

The effect of all these factors on the structure
of the plant community depends on the dynamic bal ance of
positive and negative components; 1if trampling ceases
they are mainly positive and there is some evidence that
a new edaphic climax may be created (Fig.s3-92 and b),
especially in the sand dune situation. The chenges in
dynemic balance under different levels of trampling are
illustrated by the change in the percentages of mono-
cotyledonous and dicotyledonous species making up the
total biomass (Figs.2-8a and b). There was an initiel
increase in the proportion of dicotyledonous species
from below 40% to over 80% as a result of light tramp-
ling; +this was accompanied by an increase in species

number, The mechanism is probably the removal of tall
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monocotyledonous structures and a reduction in the
competition for light. However, higher levels of
trampling eliminated dicotyledonous species leaving
6n1y the monocotyledonous species present; the species
number fell but there was a rise in the level of the
realised diversity. The change in ratio was probably
a result of the higher intrinsic resistence of mono-
cotyledonous species to the effects of trampiing; the
reasons for this were not investigated but are probably
not simple. The rise in realised diversity suggests
that competition between species is reduced or absent.

The presence of species on trampled ground
depends on the plant either being able to colonise the
worn areas rapidly or to survive the direct effects of
treading. The former strategy requires either a rapid
growth rate in the case of vegetative invaders such as

Trifolium revens, and possibly Thymus drucei, or a

short life cycle. The relatively rapid rise and fall
of the annuel species on the field plots and turves
(Figs.4-19 and 4-15) supports this suggestion, although
the adverse factor in this case was the growth of other
plants rather than trampling. Intrinsic resistance has
been stated to depend primarily on the morphology of
the plants (Bates 1935, 1938); a list of species able

to survive on paths and one of resistant morphological
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characteristics appears in Speight (1973). This should
also include the tussock form‘as menticned in Paper 2.
Tiller number may increase as g result either of shoot
damage (Brougham et al 1960) and Fig.l-13a, or of a
reduction in plent density (Lazenby & Rogers 1962), or
of an increase in soil compaction (Fig.l-13a). All
these stimuli may occur as a result of trampling and an
increase in tiller number has been observed in the field
(Pig.5-10a). This suggests that the ;iices nay, in fact,
have been destroyed and survival is the result of
tillering potential; +this is contrary to Bates' hypo-~
thesis (1935, 1938).

Trampling may act as an agzsnt of genetic selec-
tion creating ecotypes in the field. Measurements

showed that Festuca ovina collected from a Breckland

track that had been closed for three growing seasons
had a mean inflorescence length ¢f 17 mm compared with
31 mm for inflorescences in nearby vegetation., Mean
stem length was also reduced from 228 ma to 102 am,
The possibility of this being an edaphic effect cannot
be ruled out, but experimental data suggest that it is

unlikely.
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Management imvplications

Carrying capacity

The factvors affecting carrying capacity of sand

dune pasture that were considered in this work arse
presented in the form of a model (Fig.6-2). Total
relative cover, relative species number, relative
diversity and relative cover of resistant species were
used as parameters of the vegetation. The relationship
between inteunsity of use and these pa;émeters can be
stated in the form of quadratic equations derived from
regressions; these are given in Tables 6~-1, 2, 3 and 4
and the graphs in Figs.6-3, 4, 5 and 6.

The choice of the appropriate equation depends
on three dichotomous selections, The ideal situation
requires that these choices should, in fact, be a con-
tinuous relationship between a wide range of lewvels of
each varisble, but in the experiment it was only rossible
to take two extremes, e.g. plus or minus recovery periods,
walkers or vehicles and summer or winter seasons, {The
effect of frequency is not considered further owing to
limitations of the experimentel nethod discussed in
Paper 3). The first consideraticn is whether a period
of recovery is to be allowed before mensuration. The
experimental data allow predictions for one wear period

of 20 weeks; to forecast the effect of sequential periods



FIG,6-2, 1IOD3L FOR ESTIMATION OF CARRYING
CATACITY 0F SAND DUNZ PASTURZE
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TABLE 6-~1

TOTAL RILATIVZ COVER

Regression data by which the amount of rclative
cover remaining after a given number of passages
can be calculated.

Plus or | Walkers | Season
minus or of e b c
recoveryi vehicles | wear
w
i i Summer | -7.51077 | 74.24034 | -83.51968
e e
c g Winter | -5.83772 | 48.39095 | -3.77198
0
v v
e B Summer | -4.87053 | 20.11019 | 80.67221
r i
y g
S dinter | -2.94225 | 3.30578 | 11C.7533
s
w
* & Summer | -4.01773 | 42.54726 | -1.40282
e X ~
¢ z Winter | -0.71194 | 10.80244 | 74.3022
0
v g
e B Summer | -4.28347 | 21,986 90.0171
r
y S - -
e Winter | -5.66595 49.13928i 13.30794
Based on quadratic regression equation
y = ax® + bx + ¢
¥ = percentage relative cover
X = number of passages



TABLE 6-2

RELATIV=E SFECI=ZS NUMBZER

Regression data by which the relative specles uunber

remaining after a given number of passages can be

calculated.
Plusor Walkers | Season
minus or . of a b c
recovery |wvehicles| wear

W

- E Summer | -2,20681 {13.47227 [81.12834

R e

o % dinter | -5,25787 | 45.51679 [-20.35584

: %

v % Summer |-2.57494 | 2.79114 [111,7975

e

§ g Winter | -5,10044 | 27.46374 [60.75092

W

ﬁ ; Sumnme2: | -1.07532 | 9.11433 84.45852

e e

c % Vinter | 3.28567 -38.58679|220.716

o]

v

e % Swnmer | -4.85997 | 39.67365 |24.33371

r

y g Yinter |1.20052 | -10.13818{127.8927

Based on quadratic regression eguation
Yy = ax? + bx + ¢
¥y = percentage relative cover
X = number of passages



TABLE 6-3

RELATIVE DIVZRSITY

Regression data by which the relative diversity
pertaining after a given number of passages can
be calculated.

Walkersliseason

Plus or
minus or of a b c
recovery | vehicles| wear
W
R E Summer | 6,51304 | -70.02952 | 275.9448
e e
. 5 Winter | 5.76487 | -60.21636 | 247.6899
v
? % Summer | 6.20412 | -61.87313 | 219.2987
y 7
S Winter | -9.265 86.770638 -97.00016
w
+ ; Summer {1.5565 |-26.31201 | 180.3504
p g
c S Winter |1.03042 }-11.4318 136.9264
o
M )4
e Summer {11.25942}-75.76316 | 212.5712
T b
J

Based on quadratic regression equation

«

X =

y:ax2

+ bx + ¢

numbter of pacssages

= percentage relative cover




RELATIVIZ COVER OF RESISTANT SPECIES

TABLE 6-4

Regression data by which the relative cover of
resistant species remaining after a given number
of passages can be calculated,

Plus or | Walkers | Season
minus or of a b c
recovery| vehicles | wesar
W
- % Summer | -8.2399 |84.50862 | -106.6911
R
&
o I | Winter| -9.00083|84.48463 | -95.39544
o
v
e % Suwmmer | -7.29213}37.65307 | 63.91524
ol g
§ Winter | -5.99482|27.93903 | 73.79995
+ 5 Summer | -5.T1404} 64.16438 | -64,68238
1
R
e % Winter | 25.52389{ -275.2738| 832,54G5
c
0 v
v E Summex | ~5.57996} 31.38729 | 77.00055
e
r 7
y e Winter | 5.44243 |-49.49028| 230.7517
Based on gquadratic regression equation
¥y = ax? + bx + ¢
¥y = percentage relative cover
X = number of passages




Fig.6-3

The effect of different intensities of walking and

driving on the total relative cover of sand duns

rasture,

a)
b)
c)
d)

[y

Walking
Driving
20 wooks Recovery after walking
20-wecks Recovery after driving

wear treatment carried out in the summer

— ——— wear treatment carried out in the winter
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Fig.6-4 ' ;
The effect of different intensities of walking and

driving on the relative species number of sand dune

pasture,
a) Walking
b) Driving

c) 20-weekse Recovery after walking
d) 20-weeks Recovery after driving

wear treatment carried out in the summerx

— — — wear treatment carried out in the winter
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Fig.6-5

The effect of different intensities of walking and

driving on the relative diversity of sand dune

pasture.

a)
b)
c)

a)

Walking
Driving
20 weesks Recovery after walking
20-weeks Recovery after driving

wear treatment carried out in the summer

wear treatment carried out in the winter

\
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The effect of different intensities of walking and

driving on the relative cover of resistant species

of sand dune pasture.

&) Walking
b) Driving
c) -20-—weeks Recovery after walking
d) fo—weeks Recovery after driving

———  wear treatment carried out in the summer

wear treatment carried out in the winter
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of wear requires further data. The second choice is
between wear by walkers or veﬁicles; if a mixture is
allowed there may be an interaction but for practical
purposes it is probably safe to use the effects in an
additive way, e.g; 80 vehicles and 960 walkers both
reduce the total relative cover by 25% in the summer,
so if 50% cover is the acceptable minimum then this
intensity of combined use is permissible. A correction
factor for use with heavy vehicles is ;iven in Paper 3,
but this must ve used with caution as it is based on
data from a different habitat. The third choice is for
wear in the summer or winter and if recovery is required
then the other half of the year must be allowed for this,
e.g. winter treatment and swummer recovery.

The path width on which these calculations were
based was approximately 25 cm. An estimate of the
spread of people across the sand dune path based on
the hardness at 12-18 cm depth (Fig.2-62) and the data
from the walking experiment (Fig.l-~7d), gives a figure
of 61% of passages on the central 25 cm quadrat, This
means that on similar paths the permissible number of
people derived from the equations can be multiplied by
1.5 to mllow for spread of the wear across the path.
The same czalculation carried out for the track using

data presented in Figs.2-5a and 1-Tc gives a figure of
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57¢% on the most used quadrat, producing a similar
correction factor of approximetely 1.5. But since the
experimental rut width was about 12.5 cm (see photo 1-6)
and the calculation is based on a 25 cm wide quadrat, a
further factor of 2 must be.allowed, so the finsal
vehicle correction factor for track width is in the
order of three times the experimental number of passages.

For example, suppose an estimate c¢f the physical
carrying capecity of sand dune pasture is required for
a period of wear, the path is to be open to walkers
only during the summer and a minimum cover of 75% must
be maintained, The first equation in Table 6-1 or the
graph in Fig.6-3a should be used. At 75% relative
cover the number of passages is 843; +this is multiplied
by 1.5 to allow for path width giving a capacity of
1,686'passages by walkers on previously untrodien ground,
The criteria presented in Figs.6-4, 5 and 6 can be used
in the same manner.

The final 'box' in the model is to allow for
adaptation of the flora to the effect of trampling over
a period of time as found by La Page (1967); the cal-
culated carrying capacity may, therefore, be gradually
increased,

The tachnique of regressing the percentage of

remaining vegetation cover on the log of the number of
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passages can also be utilised in an assessment of the
vulnerability of different habitats, In the calcula-
tions presenfed in Paper 3 the number of passages that
reduced cover to 50% were calculated from various data,
a weight correction factor was introduced and a con-
version factor to 'walker units' was used (Table3-12).
These calculations allow the suggestion that tundra is
between 5 and 187 times more vulnerable than sand dune

pasture while a sown 'pasture' on a ligﬁt silt loam may

be twice as resistant as the sand dune pasture.

Ifaintenance of trampled sand dune pasture

' The various cultural treatments described in
Paper 4 suggest that if cover is the only important cri-
terion of maintenance then an annual application of s
slow release fertiliser (if possible one containing micro-
nutrients) combined with seeding is likely to be the
best treatment. Generally tillage should be avoided and
in most circumstances only the top one or two cm of soil
should be disturbed. The micrcoclimatic measurements
also indicate that tillage would crzate more extreme
conditions which may adversely affect plant survival.
If no cultivation is done a high diversity and species
number may be achieved especially if the level of
trampling is not excessive. A low level of tramrling

can itsslf be used to limit the growth of monocotyledonous
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species and allow an aesthetically pleasing turf domina-
ted by dicotyledonous species to develop.

Bellis perennis was the most common track species

recorded in the survey and Festuca rubra was the second

most common. They occurred at mean volumetric soil
water contents of 20% and 14% respectively; thus, the
latter occurred in drier areas and it also nade up a
large proportion of the naturally occurring grassland.

This species should, therefore, form the bulk of any

seed mixture used in track maintenance., Poa pratensis

and Bellis perennis could be used in the damper areas

and in the wettest places Juncus articulatus and Carex

flacca may be most successful., If only grass sced is

evailable then Festuca rubra may be used in dry and Poa

pratensis in the w2t areas,
N
If a path is routed around the edge of a wet
slack the more mesic resistant species such as Bellis

perernig and Pca prateniis may be sown or allowed to

colonise naturally. In the event of the breskdown of

the soil crust, erosion will soon be halted by the pre-
sence of the water table near the surface. These species
have very little dormancy and can, therefare, teke
advantege of any temporary withdrawal of trampling
pressure., The problém of puddling is not likely to

arise in sand dune soils.
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The best recovery treatments for areas where
trampling @ essure has been lifted are probebly those
listed above; and it is of interest that Beardsley &
Wagar (1971) and Herrington & Beerdsley (1970) also
found considerable merit in both seeding and fertilising.
The use of a watering treatment was probably dictated
by the climate at their experimental sites but in
Britain the drier sand dune areas may well btenefit from
this technique if the cost is acceptable., The alterna-
tive of artificial path surfaces is, however, the
solution commonly employed in the most vulnerable areas.

The morphclogical criteria upon which the selec-
tion of species resistant to trampling are selected
for cultivatioi. should be extended beyond the list in
Speight (1973) to include the small tussock forms,
especially grasses with a high tillering capacity.

There is a considerable urgeuncy in the moduction
of adequate management models for the various habitats
subjected to high levels of public pressure, and this
thesis attempts to provide some of the data required for
such a model for sand dune pasture, There is, however,
a need for further quantitative experimentation so that
barrying capacities, maintenance treatments and manage-
ment criteria can all be accurately defined. It shkould

be possible to predict the effect of altering any
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aspect of menagement on the various vegetational
Dbarameters and when this can be done ecologists will
have made an invaluable contribution to the preserva-

tion of one of our most precious resources.
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