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PART T ~ INTRODUCTION

(a) Ceneral Introduction

The influence of the environment on the geographical or local
distribution of plants has been studied and discussed for a very long
time, As knowledge of f{loras grew, there developed & natural inter-
cat in explaining the distribution of species, and at the beginning
of the nineteenlh century Humboldt interpreted his observations on
plant distribution throughout the world in terms of climete and
climatic limitatlions. de Candolle (1855) expanded these ideas,
emphasising the role of tempersturc in plant distribution. Purther
impeltus was gained by Warming (1895, Fnglish twransl, 1909) who placed
much stress on water as & controlling factor, The basis of modern
ideas on the complexity of the environment and the interaction of
factors has come from Schimper (1896, English transl, 190%), and since
then, intensive habitat investigations have been initiated. Schimper
pointed out thatl "The cecology of plant-distribution will succced in
opening out new palhs on condition only that il leans closely on
experimental physiology ....." and it is from this point of view that
these intensive studies have been carried out,

Schroeter (1926) summarised the results ol Furopean workers and
s

. . . . . ~ . o
outlined a fascinating picbure of the life of alpine plants. Iundegardh

(1925, Bnglish transl. 1931) has gone into parbicular detail of the

nature of environmental responses in plants and vegelation. He con-



sidered that "The aim of experimental ccology is the investigation of

the plants reaction to a given 'constellation'! of ecological factors,

withh a view to discovering how thce plant behaves in its natural habitat,

This ijdea of a 'constellation' of ecological faclors has been ex-

2

panded and very well discussed by Billings (1952). He considered that,

even although 1t has been customary for ecologisls and plant physiolo-

gists to consider the effect of single factors on the plant, this is a

rather artificial, though probably nccessary, approach, He thinks that

b

any study of planl growth and distribution in relation to the environ-

ment must consider each facltor in relation to the others of the complex.

Fvery plant species is distributed according to the tolerance ranges of

its own ecolypes or biotypes. It is thought Lo grow where it does be-

cause the whole environment in time and space its its genetic require-
ments, and time and the environment have allowed its seeds or propagules

to reach that place. As the whole envivonment varies, then so will the

s

comnunities resulting from such independent distribution vary gradusally
or sharply.
Billings (1952) saw the need for much more autecological work on

tolerance ranges under {ield or simulated field conditions sincce indiv-

idual plants of one or more species are lhe building blocks of vegeteilion,

and although much information has been provided for cultivated plants few

N

or no data on tolerance ranges exist for the greal majority of wild plants.

Since Schimper (1898), much of the Iuropean work in this field has

been of the auntecological type with very intlensive physiological studices

in the field, This is even more so today with the work of Pisek,

N

Tranquillini, Larcher snd others referred to in other sections, Trnere
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have also been extlensive studies of this nature in America by Parker,
Kramer, Kozlowski and others, but it would seém that lerge scale analysis
qf vegelation and vegetation changes is still quite prevalent in environ-
mental investigotions,

An early attempt to correlate plant growth with the environment was
by Sﬁrensen (1941) on arctic planls in north-east Greenland. In & three
year study he tried to elucidate the periodical 1life phenomena of the
vegetalion in an area whose climatic character is entirely dominated by
the tempcrature factor. Although, like Billings (1952), he pointed out
that "..... the vegetation does not resct to the individual meteorological
factors separately, but to the total effect of all climatic factors, the
climete characler.", he considered it justified in stiudying the single
factor of temperaturc since vegetalion rhythms betwecen activity and rest
appear to be closely correlated with the temperature climste, Another
point stressed in his paper was seasonsl periodicity, the temperature
factor itself and its effecls being vigwod in relation to the scasons of
the year. Ile also pointed out that if a plant species is to survive in
the long run, it must in equal degree be adapled to the temperature
climale prevalent in ils habitat and with seasonal variation in the
tomperature.climate. He considexrcd that the unequal distribution of
species between open, exposed areas and snow covered areas (more species
on the latter) would seem to substantiate the importance of the thermic
local climate to the plants,

Although many more studies on the environmental complex with respect

to arclic and alpine plants have been carried out, it is usually found



that onc or two fectors have a predominant influence on the distribution
of many of these plants, It is proposed to study in detail some of
these factors as.they influenoe certain physiological processes in thesc
plants, and thus delimit the range of habitat of the plants,

Griggs (1946) attributed wind as influencing the altitude of the
timberlines in North America., Wind was thought to be an important
factor in the presenl upper 1limits of the Caledonian TForest in the
Scoltish Grampiasns (Pears, 1968), the level delermined by temperature
aione heing significantly modified, Low temperature heas been shown to
influence vegetational patterns in the Rocky Mountains (Daubonmiro, 1945),

and Pinus puwens appears to be limited by low temperatuvres because of

injuxry to new growth ox to reproductive processes (Zobel, 1969), Bliss
(1956) has made useful correlaltions between the climate near the ground
and arctic and alpine tundras and has found that higher temperatures ncar
the ground in early summer had an importent effect on the growth of cer-
tain arctic and alpine plants, though with less effect in the lalter,
High soil surfacc temperatures and decp non-rocky soil in the open, re-
ducing available soil moisture, appear to maintain difflerences between
the forest and open environments in Montans (Patten, 1963). Forest and
caused by wind-driven snow and secondarily by high moisture stress and
other factors (Klikoff, 1965)., Michaelis (1934) has suggested that
frost-drought, due to frozen soil and poor transpirational control by
immature needles, is the controlling factor in determining the limit of

the tree-line and timber-line in the Alps.  Tranquillini (1967) has



confirmed this hypothesis and his findings are discussed in o Jlater
section, Troll (1996) has reviewed 1lhe influences of water on the
distribution of plants,

Another influence gffecting the growth of plents appears to be
photoperiod (e.g. Vaartaja, 1959; Millener, 1962). {aszkurewicsz and
Fogg (1967) found that variations in dates of the beginning and end of

the growing scasons of Populus deltoides and Platarnus occidentalis

can be attributed to variations in air tempereture and photoperiod,

Other enfironmental studies are reviewed in Billings (1957)9
Tranquillini (1964), Hiesey and Milner (1965), Billings and Nooney
(1968) and Salisbury et al. (1968). An extensive coverage of climatic
data and literature is given in the book on micro-metecorology by Geiger
(1965).

Thus it can be seen that within the environmental complex, very
often one or several factors can be selected as havinglthe main in-
fluence on the disiribution of the planis or on the individual plant
response, The ability of established plants to resist environmental
stresses at certain times of the year would also seem to be an imporkb-
ant factor in their distribution. Three of the main factors in limit-
ing distributions or affecting the growth of plants at a particular
time of the year appear to be the temperature factor, the water factor
and the light factor with partidular reference to photoperiod.

The present study, as Well ag considering the distribution of the
heath plants under investigation in light of the results, involves a

more intensive investigation of physiological processes, It is the

A2




aim of this investigation to consider some of the more important
environmental factors (temperature, water and photoperiod) as they
alfect the physiology of a particular group of heath plants, and to
consider the manner in which the plants have adapted to condilions of
severe stress with particular reference to their variation in rosti

and drought resistance throughout the year,

(b) Choice of Material and Sites

Material
The genus Vaccinium has been selected for study because of the
varied distributlions of three specics in the group, Vaccinium is g

widespread, rather large and heterogeneous, genus of more or less shrubby

perermials, having erect acrial stems and short-petioled, alternate
leaves that are simple and usually deciduous, In Britain, the genus is

often a dominant undershrub in forests and woods and a dominant or co-
dominant on heaths or high altitude moors,

Vaccinium myrtillus L, is a deciduous, rhizomatous shrub which is

widely distributed throughout Britain, though less prevalent in the east,
being absent in East Anglia and the South-iast, There is no evidence
which indicates thet the distribution is due to climatic factors as it
ranges from sea-level (very oceanic) to 4,000 f't, (1,216 m) (high alpine).
It is very common in the moors and woodlands of the Scotiish Highlands

and shows its maximum vegetative and reproductive performance in open

pinewoods (Ritchie, 1956), V. myrtillus is markedly tolersnt of shade

and is thus often found dominant in pine and oak-woods, In the latter




habitats it reaches a height of 60-90 cm., but on montanc summils an
exposed cliffs it is scldom taller than 5 cn, However there is con-
siderable variation within a c¢lone in the latter habitat (Bright, 1928),
shoots in sheltered niches being 3-H cm. taller than those in fully cx-
posed ones,

Vaccinium vitis-idaca L. is a rhizomatous, evergreen shrub with a

more restricted distribution than V., myrtillus, being of a continental-

alpine tyne. V, vitis-idaca extends [rom about 500 £t. (152 m) to

5,500 I't, (1,067 m) in mountainous areas only, and is entirely absent
{from the more oceanic arcas, e.g., 5.V, Ireland, The complete absence
of this species from the heaths of south Ingland, which appear to be
edaphically suitable, would appear to be explicable in terms of climatic
factors, It has been suggested (Ritchie, 1955) that the maximum summer
temperatare-is the factor which shows the most significant difference
between the southern limit of the plant and those southern heaths from
which it is absent. Ritchie (19%%) also suggests that altitudinal
limits may be determincd by snow cover and exposurce to frost since there
is evidence for this in the mountains of Scandinsvia,.

V. vitis-idoea attains its maximum reproductive performance in

pinewoods, and of unshaded habitals is common on rocky ledges and screes,
It is also an important species in "Vaccinium edge" communities of the
Pennines. In forests and woods it forms large patches, the shoots

reaching 20-%0 cm. in length, and similarly in lowland heaths and dreined

bogs, As with V, myrtillus, much variation in single clones on montane

heaths is seen with V. vitis~idaca.,




Vacciniuwm uliginosum L, is & bushy plant 2-60 cm., in height,
having 8 creeping rhizome and strongish woody branches, Apart {rom
a fow localitics in the Pennines and the Southern Uplands of Scotland,
this species appears to be restricted 1o the Central and N.W, Highlands
of Scotiand. At its southernmmost limit, 1t usually has a lower alti-
tudinal limit of about 1,800 ft, (550 m), though in the north of Scotland
and in Orkney and Shetland it grows down to 900 £+, (274 m).

In the S, Central Highlands, V, uliginosum appears restricted to

rock ledges which are fairly sheltered and moist, Further north it
occurs in peat bogs and other similar habitats which are not too dry
(e.g. Burges, 1951),

ALl three species are very common heath, woodland and montane plants

on the Continent, and in Britain V, myrtillus and V, vitis-idaes would

appear to be at their western limit. In Britain, V, uliginosum, which

is a very important constituent of northern heaths, having a completely
circumpolar distribution, is at its southern and western limit, (Polunin,
1959).

On the Continent, physiological studies have been carried out on
all three Vaccinium species from an ccological point of view (c.g. Pisek
and Cartellieri, 1933%; Hygen, 1951, 1953a, b), and in tﬁe present study
it is hoped to supplement and complement the researches of these |
Continental workers,

Sample sites - Scotland - sece summary Table 2,

Montane habitats

After investigation, a suitable area for sampling all three
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Plate 2. Rock ledge habitat, Ben Lui.
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Vaccinium species was found on the cast side of Ben Lui which lies on
the boundary between Argyllshire and Pewthshire (Plate 1).  On Ben Iui,
as well as on all other montane areas investigated, 1t is evident that

two types of habitat exist with respect to Vaccinium myrtillus and

V. vitis~idaea, In the first habitat, rock ledges (Plate 2), both

species grow guite large with heights of up to %0 cm, for V, myrlillus

and up to 20 cm, for V, vitig-idoea. The lesves of these forms zre

=

also large, those of V, wvitis~idaen being up to 25 mm. in length, In

ihe turf habitat (Plate 3), neither species grows greater than 10 cn.

in heighl, though usuvally about 5 cm, and their leaves are small, less

than 10 mm,

Investigations have becn carried out on the V, vitis-idaea {rom

these two habitats and that of Loch Katrine, to determine if any signifi-
cant differences in morphological characters could be detected, Chaxr-
acters measured viere leal area, number of stomata per unit area, stomatal
length and leaf ares ratio (LAR). [To avoid differences between lcaves
on the same shoot, the fourth leaf from the apex of the shoot has been
examined for twenty Shoots.]

Very highly significant differences are seen with respect to leaf
area and stomata per unit area. The other two parameters are also
significantly different, The importance of thesc differences to the
physiology of the plants 1s discussed in the section on drought resist-
ance,

Direct measurement of stomata has not been poesible with this tissue,

so g method using surface replicates (cf. Sampson, 1961) has been used.




Leal areas have been determined by the cut card method, and results

are given in Table 1.

Table 1, Morphological measurcments of V., vitis-idaca
{from three habitats

Charscter Loch Katrine | Ben Lui, lecdge | Ben Imi, turf
Leal arca (mmg) 177.88 112.7% 50,89 FH
Stomata (nc./mmz) 279,69 534,78 457 .54 R
Stomatal length (nm) 26,342 26.09% 24.448 xx
LAR (mm?', mg-']) 9.16 7.%1 9,52 #

- K KA

sigaificant difference, p<0,001
*¥  gignificant difference, p<0.07

significant differcnce, p< 0,05

On Ben lui, V. uliginosum grows only on rock ledges which are

usually gquite moist and often have water running over them, It grows
in a well-branched, bushy habit up to a height of 30 cm,

The ledges have only one aspect and are often sheltered from the

wind and at some times shaded from direct sunshine, On a clear day in

winter, it has been estimated thal many rock ledges (e.g. Plate 3)
receive no more than 1.1/2 hours of direct sunlight,

On the other hand, the turf habitat is oftén very exposed, and
tends to dry out very quickly unless the soil underneath is saturated,
This habitat is much more open than the rock ledges and receives more

direct sunlight, The turf habitat would appear to be subject to more

10,



Plato 4. Open woodland, Loch Katrine, with

typical mixed clumps of

Vaccinium myrtillus and V. vitis-idaea.



1.

severe environmental stress than the rock ledge habitat.
On the rock ledges, pure or mixed stands, of the three Vaccinis

are very often observed, Other species occurring are Salix herbacea,

Empetrum nigrum, and Festuca ovina, whilst on the more basic ledges a
rich bryophyte flora is seen along with calcicolous species such as

Saxifrags oppositifolia, 5, stellaris, Silenc acaulis and Sedum rosesn,

The more exposed turf habitst supports a very sparse vegetation in
comparison with the ledges, the most common specics associated with

V, myrtillus and V, vitis-idaea being Festuca ovina and the bryophyte

Rhacomitrium lanuginoswn,

Samples of V., myrtillus and V, vitis-idaea have been taken from a

rock ledge at 2,150 ft, (654 m) with a S5.E, aspect (Plate 2), and

V. uliginosum hes been taken from a ledge below this al 2,000 £t. (608 m)

with lhe same aspect. Turf samples of V, myrtillus and V., vitis~idaes

have been taken from an exposed knoll (Plate 3) at 2,150 ft, (654 m).

Woodland habitats

Two woodlend sites have been chosen, one containing both V, myrtillus

and V, vitis-idaea, the other only V} myrtillus,

Quite open woodland, consisting mainly of oak (Quercus species) and
birch (Betula species) is found at loch Katrine, Perthshire, (Plate 4).

The ground flora consists of large pure patches of mixed V, myrtillus

and V, vitis-idaea, though in the more open areas Calluna vulgeris is

dominant, The size of the plants is larger than that of the rock ledge

types, with heights of both V, myrtillus and V, vilis-idaes up to 60 cm,

Leaves of V, vitis-idaca are up to 30 mm. long. Vegetative growth in




Plate 5* El aded woodland, Garelochhead, with large

pure stand of Vaccinium myrtillus in the centre



Plate 6, Open heath, Milngavie Moor, with

Vaccinium myrtillus and Ptoridium

aquilinum (top right).



this habitat thus appears to be quite extensive, The habitat is shaded
and quite dry, especially in the swmmer, A sitle was chosen on a slecp
slope (500) with a West aspect at 450 ft, (137 m) above mean sea level

(M.8.1.), 50 £t. (15 m) above the level of the loch,

The second woodland site is situated at Garelochhead, Dunbartonshire,

The V. myrtillus is situated on the side of a gully (Plate 5) through

which runs a stream, The gully is shaded quite considerably, especially
in summer, mainly by oak (Quercus specjes), but also occurring are hazel

(Corylus avellana), ash (Fraxinus excelsior) and birch (Betula species),

Pure stands of V, myrtillus are seen, but in places near the edge of the

gully it is mixed with Lrica cinerea and Calluoa vulgaris, Vegetative

growth of V, myrtillus is extensive, with the length of shoots being up

to 60 cm, The site is more shaded than Loch Katrine and is dry, It
stands 200 t, (61 m) above M,S,L, on the edge of a gully running in a
N,W,-S,k, direction, The sitc does receive some direct sunshine, cven in
suicmer when thoe trees are in leafl,

Heath habitat

An open heath site on Milngavie Moor, Dunbartonshire has been chosen,

Pure stands of V, myrtillus are seen (Plate 6), though bracken (Plteridium

aquilinum) invades meny of them in swmmer. The V, myrtillus in this
rabitatl is intermediate in size, growing to a height of about 15 cm,

lhe site, at 350 f{'t, (106 m) above M,5,L,, is level, very opcn.and exposed
ind tends to be dry, This site was destroyed by fire in April, 1969, and

mother site, similar to the first, was selecied nearby,

jample sites - England - see summary Table Za,




(Materjal has been kindly collectaed by Mr., Paul Tregenza, lMalham Tarn
Field Centre, Mr, Colin Reynolds, Preston Fontford Field Centre,

Mr, Malecolm Littewick, The Leonard Wills Field Centre, and Mr, John
Griffith, Slapton Ley Iield Centre).

"Vaccinium edge' community

edge” comaunity at Mszlham Tarn, Yorkshire, The planis in this habitat

arc quite large, with heights of up to 20 cm. like the ledge types, Zen
Tui, The site is on the edge of a raised bog occupying part of a lake
basin, The boundary between the moss and the tarn is an east-facing,

10 £, kigh, eroded peat cliff with "Vaccinium edge" vegetalion on top,

The site is open, and situated 1,250 £t. (380 m) above M.S.T.,

Mountain heatlth habitat

V., myrtillus and V, vitis-idaea have been collected lfrom a mountain

heath community on the Stiperstones, Shropshire, The plants are similar

H
in size to thoseol the "Vaccinium edge'" community at Malham Tarn,

Associated with the Vaccinia are Calluna vulgoris, Ulex gallii, Melampyrum

pralbense and occasionally Empetrum nigrum,  The site is open and exposed

on a 5° slope facing west at a height of 1,400 ft. (425 m) sbove M.S.L.

Southern heaths

Vaccinium myrtillus has been collected from Dartmoor, Devonshire.

The leaves of the plants are similar in size to those on Milngavie Moor,

Dunbartonshire, but their habit is unknown. With it are associated

Frica cinerea, Calluna vulgaris, Ulex europaeus and Pteridium aqguilinum,
: . . 0 . . . oA
The site is open on a 5 slope facing south-east at & height of 950 ft.

(290 m) above 14.5,L.

N
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V, myrtillus has also been collected from xmoor in Somersetshire

The plants are similar in size to the Dartmoor material but again their
habit is unknown, The site is on the east side of Exmoor and the

assoclated flora is mainly Calluna vulgaris, It is very exposed and

lies 1,550 ft. (%95 m) above M,S.L.
All sites have been summarised in Pable 2awith Wational Grid

References given for their location,

(c) Invironmenlal measurements

Ben Lad
A convenlent, ungrazed ledge was found at 2,250 ft. (686 m) which
supports all three Vaccinium species, and instruments for measvring

temperature were set up (Plate 7).

A Grant automatic temperature recorder with nine thermocouples has

been set up on the ledge (Plate 8) and readings are recorded every hour,

The positions of the thermocouples are as follows:
(1) 40 em, above ground level, shielded,
(2) Rhizowe level, 3%-5 cm., below ground level,
(3) 30 cm. above ground level, shielded.
(4) Ground level, unshielded,
(5) 20 cm. above ground level, shielded,

(6) Taped to stem of Vaccinium nyrtillus, unshiclded,

(7) 10 cm. above ground level, shielded,

(8) Taped to stem of Vaccinium uliginosum, unshielded.

(9) Taped to stem of Vaccinium vitis-idaca, unshielded.

14«
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Plate 8. Close up of ledge site, Ben Lui, showing shielded
thermocouples, leads and temperature recorder box

inside a heavy polythene bag.



The shield consisls of a small fruit juice‘oan with the ends
cut out, suspended horizontally insidec a soup can also with the ends
cut out, The outer can was subsequently covered in aluminiuvm foil,
This arrangement gives an air jacket to stabilise temperature fluctu-
ations due to direct radiation.  ‘The thermocouple is suspended
horizontally inside the small can, Four of these shiclds are fixed
horizontally to a vertical cane at several heights above the ground to
delermine variations in micro-environment close to the ground,

Unfortunately, due to technical faults, measurcments have been

H
irregular over the sampling period, and it has been necessary to use
mean temperalures from the nearby weather station al Sloy, and adjust
these temperatures for altitudinal differences between the Ben Iui site
and Sloy. Sixty~six mean daily temperatures at Ben Iui have becen com-
pared with the equivalent sixty-six mean daily temperatures at Sloy,
A

The regression equation of Ben ILui on Sloy, ¥ = 1,1867X - 6.287,
r = 0,9126™% (p<0,001), indicates a curvilinear relationship and it
has been considercd that, since many of the values used in this study
are in the middle of the range, a practical conversion factor would be
of more use, FPor this purpose, the arithmetic mean of the differences
between individual pairs of values has heen calculated and comes to
3.8900. This means that mecan temperatures on Ben Lui at 2,250 f+t,
(686 m) are approximately 400 lover than mean temperatures at Sloy,
and this correction value has heen used in calculaeting mean weekly
temperatures on Ben Lui. 4OC between the two localities is eqguivalent
to a temperailure drop of 1°C for every 9550 f+t. (167 m) increase in

altitude.
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Little variation between the temperature recorded by individual
shielded thermocouples has been observed, and the mean daily temper-
atures used in the above regression have been calculated by taking
the average of the daily means for each of the four thermocouples,

The rccordings of the other thermocouples are rather irregulax for use
in a seasonal study but it is interesting to note that a ground-surface
temperature of 44.500 wes recorded in June, 1968, and the unshielded
thermocouples taped to the plants have given readings of up to 5500
in that same month,

The diuvrnal varistion of temperatures recorded by four thermo-
couples on a sunny day in late Spring (20th Fay) is shown in Figure 1,

It can be seen that the two unshiclded thermocouples, one at ground

level and one taped to shoot of V, vitig-idaea, show much larger vari-

ations than the shielded air temperature and subterrancan thermocouples,
It is probable that the temperasture of the plants is severasl degrees
higher than ambient tempersture when subjected to direct sunlight, and
this may facilitote greater metabolism when the ambient air temperature
is low, The mean air temperature of 20th May was 2.500, with the

.o 0 ) ..
temperature rising above 5°C for only 7 hours, The unshielded thermo-

o 0 o
couple taped to V. vitis-idaeca gave a mean of 4,8 C and exceeded 5 C

for 10 hours,

Even at this time of year (late Spring), the sun impinges on the
ledge for no more than % hours. The very sharp drop in ground level
'temperature between 10,00 and 11,00 hours is due to the disappearance

of direct sunlight on the ledge. The temperature at rhizome level
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shows a lag in response at the beginning of the-day with zero or sub-
zero temperatures being meiantained for 8 hodrs, during which the un- .
shielded thermocouples are approaching their maximum temperatiuves,

The probable effect of this on the physiology of the plants is discussed
in the scction on drought resistance,

On days with little or no sunshine, the temperature of the un-
shielded thermocouples shows litile or no variation compared to that of
~the shielded ones,

Using the adjustment of 4OC, mean weekly temperatures have been
calculated for the Ben Imi site and are presented in Figure 2, A rain
gauge has also been set up near the site and the rainfall measured
regularly, These measurcments have also been included in Figure 2,
each line representing the rainfall for tlhe period since the previous
measurement,

A1l other sites

At no other site have measurements been taken in situ.,  The mean
weekly temperalure and rainfall data for Loch Katrine, Garelochhead and
Milngavie Moor have been extracted from the records of the stations at
Callander, Helensburgh and Springburn Park, Glasgow respectively (see
swnmary, Table 4). There is a weather station very close to the site
at Malham Taern and data have been extracted from their records, o)
mean weekly temperatures have been calculated for Stipcrstones, Dart-
moor and lxmoor since records are not easily obtainable, but mean monthly
figures have been taken from nearby stations as recorded in the 1969

Monthly Weather Report of the Meteorological Office, The weather
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stations selected to represent the latter three sites arc Shrewsbury,
Tavistock and Hawkhill respectively, Temperature means have been
adjusted for altitude where necessary, using a standard adjustment

of 1°C per 500 4, (150 m) (cf. Oliver, 1964). In order to comparc
these three sites with other localities, mean monthly temperatures have
also been calculated for Malham Tern and Milngavie Moor, All five sets
o' data are presented in Table 2,

L. o s .
Toble 2, Mean monthly temperstures (TC) at five localities, 1969

Locality J i M A M J J A 5 0

Tilngavie Foor 4.0 0.5 2.4 6.4 9.5 1 13,5 | 14.8 [ 15.5 112.% | 11.9

fa.lham Tarn 2.7 | -2.2 0,2 4.8 8,6 | 11.411%,%115.0 | 10,9 ] 10,6
ytiperstones 5.4 | ~1.4 1.1 5.4 9.2 111.8 115.1 | 14.2 | 11.4 -
xmoor 3.8 | -0.,1 2.1 5.5 8,9 | 11.2 | 1%.6 [13.2 | 11.4 | 10.8

Jartmoor 5.4 1.3 4.4 ) 9.2 [12.7 [ 14.9 [ 14.4 [ 13.2 | 12,1

Graphs ol mean weekly temperatures for Springburn Park and Malham
Tarn are presented in Figures % and 4, along with rainfall measurements.
The mean weekly temperatures at Helensburgh and Callander differ only
slightly from those at Springburn Park and have not beenpresented,
Rainfall does differ, howcver, and monthly figures from November, 1968
to October, 1969 for five sites ave presented in Table 3.

It can be seen thalt the montane site of Ben Lui is by far the wettest
area, with Springburn Perk, Glasgow the driest area.

A summary of weather stations with MNational Grid References is

~iven in Table 4,
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Table 4

. Location of VYWeather Stalions

Locality

National Grid
Refercnce _

Ben Tmi

1) Temperature
Recorder

2) Rain gauge
Sloy

sallander
Helensburgh
Springburn Park
Malham Tarm
Shrewsbhury
Hawkridge

Tavistock

27 /272269
27/274268
217/324099
27/534080
26/%0%836
26 /608686
54/894673
33/517136
21/877327

20/482748

Height above

2250
2100

40

sea-level
Ieet Metres

(684)
(636)

(12)
(107)
(89)
(107)
(395)
(53)
(304)
(152)

Temperature adjustment

0 .
-47C for Ben Lui
None
None
None
None
0, . e
-2 C for SGiiperstones
O\ » T -
~17C for Ixmoor

—1OC Tor Dartmoor

Davlencth data has been extracted from tables, and seasonal vari-
Y & y

ation in photoperiod, sunrise to sunset, is presented for three local-

ities in Pigure 5,

It can be secn that Scotltish localities have

longer daylengths in summer and shoriter daylengths in winter compared

to those in the south of kFngland,

mediate in length in summer and winter,

Daylengths at Malham Tarn are inter-

19.



PART TI - IVIELD STUDIES

(a) Frost Resistance

Introduction

The ability of plants to withstand extreme variations in
environmental faclors has been described ecither as resistance or
hardinecss to any particular factor, Confusion between these tﬁo
terms bhas arisen, and herc it is inlended to use resistance in
the broad sense of tolerating an unfavourablé external environ-
ment, Hardiness will be used with respect to a more specific
tolerance of an environmental factor e,g. frost hardiness means
the ability of the plant to survive being frostied.

Before considering the broader ccological aspects of {rost
resistance, some basic principles will be described, The more
historical literature on this subject has already been considered
by Levitt (1956),

Causes of frost damage

Injury of plants due to extremes of temperature, ecither high
or low, is duec to the physiological balance ol the plant being
upset and conseguently irreversible changes taking place in in-
dividual cells, With respect to low sub-zero ilemperatures,
several stages can be delimited within the continuous process of
freezing and thawing (Mazur, 1969).

1, As the temperature drops below OOC, both cells and the medium

. . . 0
supercool but ice soon forms in the medium, Above -107C the

20.
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cell menmbrane keeps ice from seeding the cell interior.
As more external solution is converted to ice, the concentration
of all extracellular solutes rises and the aqueous vapour pres-—
sure falls, Water thus {lows out of the cells and freezes
extracellularly. The resulting dehydration concéntrates the
intracellular sqlutes and decreases distances belween the larger
molecules. The extent of cell dehydration to maintain equi;
librium depends on the permeabilitly of the cell membranc or the
rate of cooling, Intracelluler freezing.will only occuxr if
permeability is not sufficient or if cooling is too fast.
There mey be large pH changes if solubility is exceeded and
solutes are precipitated,
A1l free water is converted to ice and all sclutes are pre-
cipitated below the eutectic point. Above this temperature,
a cell is jmmersed in, and also contains, a highly concentrated
solution whose physical properties differ considerably {rom the
normal.,
Small ice crystals have the tendency to convert to large
spherical crystals,
During warming a reversal of events takes place,

in micro~ofganisms

, abrupt drops in survival found above a

, . . 0 . . .
certain cooling velocity (10°C per minute) are associated with the

formation of intracellular ice, and the lethality of the intra-

cellulaxr ice depends on the amount of recrystallization occur-

ring during warming, with slow warming producing the greatest



amount (Mazur, 1966, 1967; Saokal and Otsuka, 1967; Sakail and
Yoshida, 1967). Mavur (1969) came to the conclusion that  for
micro-organisms at least, three main factors inflluenced the sub-
sequent freezing injury, (a) formatlion of intracelluvlar ice (b)
subsequent growth of ice during warming, (¢) adverse effects of
solute concentration or of dehydration, The first two are very
dependent on the rate of thawing and {reezing.

Pifferent rates of freezing and thawing also have varicd
effects on the subsequent viability of higher plants, though the
magnitude of these rates differs from that used with microorganisms,
A slow rate for micro-oxganiasms or a tissue saction, 1~200 per
minute, is a rapid rate for whole plants (Levitt, 1966)., With
higher plants, subjected ratles are usuvally those found in nature,
from 1~3OC per hour or less, Slow thawing of whole plants causes
no damage (viz., micro~organisms) but rapid thawing appears to cauvse
damage or enhence damage already incurred at an earlier stage
(Levilt, 1966). Consideration of rates of freeging and thaving is
therefore essential when formulating an artificial freezing test.

As in micro-organisms, intracellular freezing also usually

causes irreversible damage in higher plants (Chambers and Hale, 1932;

Siminoviteh and Scarth, 1938; Levitt, 1956; Olien, 1961). Modlibowsks,

.

and Rogers (1955) using the technique of cinematography have observed
this also in a moss, Asahina (1956) in particular has described
ice formation in many plant species and presents an extensive series

of photo-micrographs, He found some hardy cells which avoided

22,



intracellular freezing and this confirms the findings of Siminovitch

and Scarth (1958) that hardy cells avoid intracellular freezing

better than do non-hardy cells, An explenation for this (Levitt, 1956)

is the increased cell permeability to water in the hardy cells which

must permit a more repid excsmosis of 1he intracellular water to the

extracellular ice loci, This is also described by Mazur (1969),

Even if a plant can avoid intracellular ice formetion, éuite of ten

damage 1is caused by extracellular ice formation due perhaps to exces-

sive dehydration of the cell or to other adverse physical effects
taking place in the dehydrated protoplasm,
Levitt (1958) comes to the following conclusions,

(i) The plant does not tolerate intracellular ice formation,

(i1) Hardy plants are far more capable ol avolding intracellular
freezing than are non-hardy plants, presumably due to their
higher cell pcrmeability.

(iii) Hardy plants are more tolerant of extracellular frcezing
than are non-hardy plants, and the tenderest plants are
killed by even the slightest amount of extracellular
freezing.

Detailed discussions of frost injury mechanisms and frost re-

sistance hypotheses are given by Leviit (1956, 1966), Parker (1963),

Alexandrov (1964) and Mazur (1969).

Iixperimental induction of frost damage

It is necessary vhen dealing with frost hardiness to have sone

method of measuring the plants ability to withstand freezing con-
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ditions. Measurements in the field of damage resulting {rom a
particularly cold winter have becen taken as a guide in distinguish-
ing between varieties or species, especially of crop plants (Newton,
1922). bince harsh winters occur only occasionally this is rather a
slow method, and because of this, much use has been made of arti-
ficial freezing tests, The first workers to use these methods

were Harvey (1918) in America and fxerman (1927) in Sweden, This
method has since been adopted by workers all over the world. Peltier
(1931) has described his sct-up which consisted of threc rooms, ‘The
first wos a controlled ftemperature greenhouse through which cold air
was passed and this hardened the plants, Next there was a freezing
room and {inally a storage room where the plants were kept at 2%
and subsequently cxamined for injury. Good egreement has usuvally
been obtained between the rating by such freezing tests and by {ield
survival (e,g. Kneen and Blish, 1941; Vorzella and Cutler, 1941;
Meader et al., 194%; Amirshahi and Patterson, 1956; Wilner 1960,
1961), but differences may occur because the field conditions are
not duplicated by the freezing test, In cases wherce frost injury
occurs mainly in Spring (Till 1956), the order of hardiness then
ﬁigbt well be different from that in midwinter or after artificial
freezing tests,

These artificial freezing tests deal mainly with whole plants,
but separate plant parts have been usced recently (Till 1956) and
these showed the same frost hardiness as the whole plant, Con-
sequently smaller scale apparatus can be used for these freezing

tests,
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I'rost hardiness must be determined under standard conditions
since, as indicated éarlior, the frost killing temperature of a
plant can be varied by changing the freezing and thawing conditions,
Any comparison of different plants therefore requires a rigid control
of these conditions,

(1) The plants must be actually frozen, not merely undercooled,
(2) Treezing must be at a standard rate,

(3) A single freeze must be used for a standard length of time.
(4) Thawing must be at a standard rate,

(5) Conditions after thawing must be standardized.

Under these conditions, a relatively constant frost killing
tempersture is oblained for any one variety or species in a specific
physiological state. .

Till (1956) used the method of Ulmer (1937) and Pisek and
Schiessl (1947). He collected the material {(leaves or necdles) in
tin boxes and kept them in a cool place 1-2 hours before placing in
the freezing chamber, Natural condilions were medintained by drop-
ping the temperature overnight, The test chamber consisted of a
half litre glass Jar with a tight fastening in a Dewar vessel, both
these being contained in an insulated wood vessel, The temperature
was controllcd by an alcohol evaporating machine and temperatures

less than -18°C could be obtained by adding solid CO Materiszl

2.
was kept at the desired temperature for two hours, Ten of thesc

. . . 0
chambers were usually used at the one lime with intervals of 1-2 C

between treatments depending on the time of year, Thawing was



allowed by draining off the alcohol and leaving for 10-12 hours,
Damage was estimated alter leaving in watef for 10 days in swnmmern,
2-5 months in wintexr, Cut portions showed no diflerence to whole
plants,

A recent test involves the use of deop freezes (Irving and
Lanphear, 1967). They cut up the material from the pre-treatments
and split il Into six samples, One sample at SOC served as a conlrol
and the others were placed in styrofoam hoxes in & freezer at —6.500.

o) .
vWhen the box temperatures reached ~5°C all the boxes, except one,

b}
. . .0 .
were transferred to a freczer set at -12.5°C, This process was re-
0 o 20 0 ,
peatled at -17.87C, -23,57°C and -29.07C, The rate of temperature
. 70 { g - . - - e -
drop was 3 C per hour, After two hours at cach temperature, the
) o) . )
boxes were rcmoved, held at 5°C and the material was allowed to thaw,
The samples were then placed in s plastic container under high
humidity at room tempecrature for 36 hours before determination of

viebility,

Determination and calculation of frost killing point

Both these artificial freezing tests illustrate convenient
methods of subjecting plant material to frost, but the main problem
in dealiné with this subject is how to measure subsequent viability
and the method of expressing it.

Older methods of expressing damage involved expressing this
damage at one tempcrature as a percent of healthy plants, snd a
possible numerical rating of hardiness could then be assigned to

particular varieties (Kkerman, 1927).  This method is relative and

does not permit comparisons between varieties of different species
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which may require different [rcezing temperafures for such a rating,
An absolute measurcment of hardiness is rcquired rather then a
relative onc,

The simplest method of doing this is to determine the frost
killing point, that is the freezing temperature required to kill

504 of the plants (e.g. Schmutz el al., 1961).  Other points used

g,
have been the "ultimate frost killing point" resulting in 1007
killing or the "incipient frost killing point" that just begins to
ceuse injury (Pisek, 1956), [but it is now generally accepted inat
the 50%~killing point is the most readily determined and valid point.
Although using a standard frcezing procedure the methods Just des-
cribed in estimation of injury arc subjective,

There arc several methods of quantitatively measuring [rost
injury in plants (Levjtt, 19563 Alexandrov, 1964) c.g. depression
of photosynthesis, depression of respiration, cessation of proto-
plasmic streaming, electrolyte rclease, vital staining, etc. and in
the present study it was decided to usc both an electrolyte release
method and a vital staining method involving the reduction of
colourless triphenyltetrazolium chloride,

Osterhout (1922) who principally used seaweeds ; developed the
electrolyte releasc method whilst Dexter gi_gl.'(1950, 1932) first
established the uscfulness of the technique in measuring the hardi-
ness of plants, They compared the speciflic conductance of agueous

leachates from frozen and unfrozen samples, Subscquent workers

have also used this technique extensively (e.g. Carrier, 1951;



Emmert and Howlett, 1953; Wilner, 1955). Such conparisons are
useful ;| but not strictly quantitative since total electrolytes
may very in different samples, This has been overcome by ex-
pressing the amount of cell electrolytes released by freezing as
a percentage of total electrolytes weleased after heat-killing
(usually boiling) (Stuart, 19%9; Wilner, 1959, 1960, 1961,
Wilner et al., 19605 McGuire and Flint, 1962; Cordukes et al.,
1966). Since appreciable amounts of eleclrolytes erce leached
from unfrozen samples, the calculation involves subtraction of
these values from those obtained from {rozen samples and is made
more cumbersome, Bannister (1970) has cast somc doubt on the
accuracy of total conductance after heat-killing, however. He
found that heat-killed material released less electrolytes than
material which had becen 100% dameged by drought. He suggested
that electrolytes may be bound to the tissue in the heat-XKilled
material and therefore less electrolytes will be leached outb.
Various ways of expressing the results obtained have been
attempled in the last few years, one of the most satisfactory
being that of Flint et al, (1967). This method of calculation
has been used during this study, and is described in detail below,
The unfrozen sample is given a value of gzero and the heat-

killed sample a value of 100, The scale is called the "Index of

Injury" and is calculated as follows:
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I, = 1OO(Ht~R0)/(1~RO) s Ry = LD s R = LO/Ld
where
It = Index of injury, resulting {rom exposure to

temperature (t).
R = Fractional release of total electrolytes from

samples exposed to tempecrature (t).

RO = Fractional release of electrolytes from unfrozen
sanple.
Lt = Bpecific conductonce of lecachate from sample

frozen at temperature (t),

Specific conductance of leachate from sample

~
Hi

frozen at temperature (t) and then heat-killed.

-~

LO = Bpecific conductance of leachate from unfrozen
sample.
Ld =  Ppecific conductance of leachate from unfrozen

sample, heat-killed,

Substituting and simplifying

I, = 100(LtLd~LOLk) /LK(L d-LO)
If samples are uniform then Lk and Ld are identical,
ie. T, = 100(1;1-‘1,0)/(11("1;0)

After determining I, for a series of freezing temperatures,

t
the temperature required to give any selected It can be found by
interpolation., This temperature can be used as an expression of

frost hardiness in the absence of a2 true frost-killing temperature,

The second method uvsed in this study to determine frost injury



is the use of tetrazolium (295,5~triphenyltotrazolium chioride or
TG, Colourless solutions of this chemical arc reduced to red
water-insoluble formazan within the cells of meny plants and has
been of interest to biologists for almost thirty years, omith
(1951) has reviewed the subject of TTC in relation 1o enzymes and
staining of plant tissue, TTC has since been used qualitatively
by many workers in testing for viability of tissue (e.g. Parker,
19533 Brown, 1954; lLarcher and Iggarter, 1960; Purcell and Young,
196%; Larcher, 1969), the latter workers distinguishing subject-
ively between varying degrees of tetraxolium reduction. Recently
the TTC test has been put on a guantitative basis by Steponkus and
lanphear (1967). They used samples of a standard fresh weight
from material previously subjected to a stepwise freeuing procedure,
and incubated them in a standard buffered solution of TTC, The
formazan formed in the tissue was extracted, compared spectrophoto-
metrically with that formed in the control and expresscd as a per-
centage of the control, By interpolation, absolute values of froét
hardiness were obtained and tissue survival al a later date was
estimated.

Frost hardiness in the field

There is a large literaturc on seasonal variation of frost
hardiness in the field and its ecological relevance, and reference
only will be made ﬁo selected papers, Reviews of this subject
include Tevitt (1956), Biebl (1962) and Parker (1963%).

Ulmer (1937) in a thorough study of the hardiness of several



species of woody plants, found that species ncar the tree-line
in the Austrian Alps had resistances somewhat different from one

another at almost any time of {he year, For example Pinusccmbra

in midwintcr could not be killed by «4400, while Rhododendron

. . 0 - Ca s
ferrugineun was resistant to aboul -28°C and Vaccinium vitis-idees

. o : . .
resistant to -24°C, In summer they were very susceptible, being

. : . L0 : . e s
killed by temperaturecs as high as -3 € (Vacciniunm vitis-idaca),

All the curves paralleled the curve of daily temperatures through-
out the yecar, These indings have been confirmed by Pisek and
Schiessl (1947) and Pisck (1950).  They both suggested thal the
species with the lower frost-hardiness in winter are susceptible
to winter-killing unless they are covered with snow,

Herdiness may be modificed during the coldest months by briefl
warm spells, Pisek (1950) found this with evergreen trees and
Chaplin (1948) with peach fruit trece buds, Danage during winter may
not be duc to low temperature but to winter drying becauvse of frowen
soll causing laxrge water deficits in the plants (Schimper, 1898;

Clements, 1938; Michael 1966), Pisek and larcher (1954) found

s

that the frost hardiness of Pinus cembra, Rhododendron ferrugincum

and Loiseleuria procumbens parallcls their drought hardiness and

this appears to be guite a common phenomenon, Deciduous trecs and
shrubs also go through the same seasonal changes, though the in-
crease in hardiness in the autumn is more marked when the leaves
fall off (Till, 1956; Parker, 1962),

Daylength as well as temperature hss an effect on frost hardi-

N



ness, short days are more effective in hardening Llhan long days.
Moschkov (1935) believed that hsrdiness of some woody plants is
directly influenced by day-length, and Kramer (193%9 indicated

that winter killing of-ﬁgglgg hedges near bright street lighis

was due to the failure of the fbelia to cease growth and become
hardened, Photoperiod appears to be more important at the end

of the growing season than at the beginning end long days can
prevenl hardiness developing (Huystee et al., 1967).

Apart from other envivonmental factors, énother complication
to add to an already complex situation is that the hardiness re-
sponse depends on the developmental stage of the plant (Levitt,
1956, 1966).  Young material is much less hardy than more mature
ﬁaterial because of an age effect which is independenl of any ex-
ternal influcnces on thal tissue, Low temperature treatment has
no effect on the—hardinesa of newly formed buds of evergreens which
may survive ;3000 during winter (Winklers 1913), and changes in
hardiness may not follow temperatlure changes at certain times of
the yecar (Ulmer, 1937). Larcher (1969) found that shoots of

Quercus dlex show a greater ability to become frost hardened in

winter as the tree ages, Daring the first five winters that hardi-
ness progressively increased, and full capacity for frost-resistance
is not reached until the plant enters its reproductive phase, The
roots did not change their resistamée pattern with age.

All thesc faclors are taken into account in this study of

seasonal variation in f{rost-hardiness of the three Vaccinium species



39}
< o¥ O.Mdnopm

s=cOzsbses OFsE,

2T<de Bog @O

<1
L

Ui

HB



and also an atlenpl is made to determine if any relation exists
vith their drought-hardiness. Conclusions are drawn with regard
to the ecological importance of variations in frost-hardiness

throughout the year,

2, Methods

Cut shoots of the current year's growth of the three Vacciniun
species, mcasuring about 7.9 cm., long (meximum), have been taken
{from the field and stored overnight with bases in waler in closed
Jars at a temperature of 500 in the daxrk, It has been suggested
that plants suffering from g watler deficit have a greater frost
hardiness (Levitt, 19563 Appendix 1), thus all tests have been
conducted with saturated plant material,

Artificial freezing procedure

After overnight saturation, external water is blotted off and
the samples are subjected to a standard, stepwise freezing procedure,
Two Grant low temperature baths are used (Plate 9b), with 70%
industrial spirit as coolant. Temperatures as low as «5500 can be
atlained with temperature fluctuations atl any temperaturc of TO.1OC.
Rates of cooling and thawing and the post-ireatment remained standard
throughout all determinations of frost hardiness as discussed in the
introduction.

The cut shoots are stored in large jars in one bath (Plate 9j)
and subjected to a cooling rate of 2—500 per hour, This is similar
to that encountered in the field. The second, smaller bath is set

at the first temperature treatment. When the temperature of the



large bath has reached that of the {irsl treatment, a small sample
of material is placed into the glass containers (Plate 9g) and
transferred to the small bath as qguickly as possible to prevent
thawing taking place, The temperature in each container is moni-
tored . with a mercury-in-glass thermometer and after equilibration
has taken place the material is left at that temperature for 3/4 hr.
.After this treatment, the containers are removed from the bath and
the material allowed to thaw for ten minutes at room tempersture
(around 1500), after which each sample is placed into 25 ml, dis-
tilled water in a 25 x 150 mm, heat resistant tesl tube. The small
bath is then set at the second treatment temperature and by the time
this temperature has been reached, the large bath, which has been
cooling in the duration, has also reached this temperature, A
second small sample of materisl is then transferred to the small
bath and the procedure repeated for successively lower temperatures.
An untreated control sample of malerial is taken straight from stor-

age at SOC and placed in a test tube in 25 ml. distilled waler. A

© 8%, 12

typical {reezing series is +500 (control), -4, , ,
and —2400, Two replicates are talten for each sample at each treat-
ment, and the material is left at room temperature in the distlilled

water for 24 hours, After this period of time, the damage is esti-

mated by the following two methods, mentioned in the introduction.'

Measurement of the 50% frost-killineg point

(1) Electrolyte release method

If this method is used, the material is usually cut up immedi-

34 .



Table 6, Estimation of t Vaccinium uliginosum (shoots)

50+
Ben Imi, 1st September, 1969

Electrolyte Release Method

Treatment Conductance Conggziince Index Mean
N T I )
- 1.1% % ggg g:gg? 2.760
5070 7 71| 1siese | 12e0%
o |2 e | 612 | g g
-16.3°¢C 215 291 92.821 1 95 goq
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Figure 6, Istimation of t uliginosumn (shoots)9

50, V9
Ben Lui, 1st September, 1969.
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ately before placing in the distilled water but after thawing has
taken place, This facilitates the release of electrolytes in
damaged tissues, Stem sections.are cut to a maximum of 2 mm, in
length and leaf sections and whole shoots lo a maximum of 3 mnm,
Aftexr 24 hours the conductance of the leachate is measured for each
sample. In this study, s Lock conductivity meter is used with a
platinum-in-glass measuring cell, Fach tube is then covered with
aluninivm foil, to avoid excessive water loss, and the material is
heat~killed by auvtoclaving. Autoclaving has been found s more con-
venient method of heat-killing than boiling, and also moxre efficient
since more clectrolytes are releascd by this method compsred with
boiling (Carpenter et al., 196%). Twenty four hours aftcr auto-
claving, each sample is madc up to 2) ml. if necessary and the fotel
conductance measured, By using the method of Mint et al, (1967),
mentioned in the introduction, an "“index of injury" (1) can be cal-
culaled for each sample, By interpolation, the temperature at which
I = 50 can be estimated (Table 63 Figure 6), and this estimate

) *
corresponds with subjective estimates of damage observed just before
avtoclaving, This empirically derived température is'corsidered to
be equivalent to the 50% frost-killing point and is designated tSO'
A regression equation has been calculated for 15 values of t50’
correlating empirical values of t50 with visusl estimales of tSO'

A highly significant correlation is found, with r = 0.9906 signifi-

cant at the 0,14 level (p<0.001) (Figure 7).

Subjective estimates of damage were made by assessing the proportion of
jamaged tissue (browned or blackened) on each leaf and calculating

the mean value, This procedure was carried out also when calculating
subjective estimates of damage in the drought resistance section (see vace 73%).
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Table 7. IEstimate of % vV, myrtillus (stems)
Stiperstones, 21st November,K 1968
Tetrazolium Method
prcsnent | Azestnce | Bercmtage [
+ 4.6% 5 o 96,480
- 4.1% od e 88,730
B T N s
~12.1°%¢ 8:?1(9) Z?gg 59,505
~16.2°¢ 022 o128 | 36.265
-20,2°C O:ig %;gg 52.740
-24.,0°C 8:‘;;_ gg:g;’ 25,700
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(2) Tetrazolium method - modified from Steponkus and Lanphear (1967),

After leaving whole shoots, whele leaves or whole stems in dis-

s
tilled water for 24 hours after [reesing treatmentl, each sample is
cut up and two 60 Y3 mg, (fresh weight) samples are weighed out.
Cut sections are the same size as those in the electrolyte release
method, Samples are then placed in 16 x 150 mm, heat-resistant test
tubes and to cach of these is added 3.0 ml. of 0.6% (w/v) TTC in
0.05M Na, HPO 4—1<H2PO A vuffer (pH 7.4) + 0,054 (v/v) webting agent
(Brij 35). The samples sre infiltrated under vacuum for 3%/4 hour
and then incubated at BOOC for 15 hours, After this period, the
solutions are decanted and the tissue washed twice with distilled
water to remove any remoining TTC solution,  Idve ml,, 954 (v/v)
ethanol 1is added to each sample and the formazan exiracted by placing
tubes in a water bath and boiling for 15 minutes, The extracts are
then cooled and made up to 10 ml, with 9% ethanol,

The absorbance of cach solution is measured on the spectrophoto-
" meter over the range 400-800 nm (mp). A pealk is found at about
489 nm (mp) which is the wavelength of the absorption peak of re-
duced TIC (Steponkus and Lanphear, 1967), but as there is interfer-
ence by other plant pigments at this wavelength (Figure 8), it was
decided to use a wavelength of 500 nm (mg) al which to compare samples.
The absorbance of each sample is expressed as a perccntage of the
control and by interpolation, a value is obtained at which absorbance
of ﬁreatment/ﬁbsorbamce of control = 50% (Table Ty Figure 9).

Usually this was found to correspond with subjective estimates of



damege (r = 0.8789%"* [p<0.,001]) and the value obtained (in °C) is
considered to he equivalent to the 50 frost killing point, This
value will alsoc be designated tSO,

Discussion

(a) FElectrolyte relecase method

Negative indices are quite often obtaincd because less leachates
or a greater total conductance occur in one of the treatments as com-
pared with that of the control, In these cascs, the sample which has
the lowest conductance and the highest total conductance is usced as the
basis of the calculation (Table 8), This new calculalion gives no

negatives and only slightly changes the subsequent indices of injury.

As the values increase, the error becomes proportionally less and very

small,
Table 8, Indices of injury calculated for Voccinium vitis-idacs
Ben Luil, ledge type, 1st September, 1969,
s A, Index Based B. Index based on
Treatment on control treatment IT B -4
+500 0.000 2.41% 2.41%
~1.551 0,899 2.440
21.1% ~1.441 1.066 2447
. -2.467 0.000 2.467
o 0,170 2.580 2.410
2 - o
=5.8°C ~1.394 1.05% 2,447
7 500 12.594 72-933 0,670
1.2 78.057 78.586 0.529
_10.29C 76.594 17.159 0.565
o 85.710 84 .103% 0.59%
.0 84,466 84,841 0.575
-13.2°¢C 79.411 79,908 0.497
1630 84,291 84,670 0.579
~16.5 82,045 82.478 0.433

Al e



It has also been found possiblé to use small samples of stems
(about 50 mg) by placing them in 10 ml distilled waler instead of 25 ml.
All determinations of tSO in stems collected in July, 1969 to January,
1970 have been estimated using this modification.

(b) Tetrazolivm method

As with the electrolyte release method, onc of the treatments,
very often the first treatment below zero, has a higher absorbance than
the control, To kecep the values between 0 and 100, this treatment has
been used (where relevant) as a basis for determining percentage absorb-
ance ol the other treatments, This is the reason why the conlrols very
often have a lowexr value than some of the subseguent treatments,

Quite often it is found that the absorbance of an exlract is too
great to remain on the spectrograph, In these cases, a small amount
of the extract is diluted with 95% ethanol and the dilulion faclor noted,
EBrrors may be induced if care is not taken with this dilution,

Both the electrolyte release and letrazolium methods have been
found to correspond quite well, 50% frost killing points delermined by
hoth methods usually being within 100 of each other (e.g. Table 9),

lable 9, Comparison of the two wviability tests

Vaccinivm vitis-idaea, Stiperstones, 31.%.69

i Treatment | 100 - Index (Mean) | % Absorbance (lean)
+ 5% 100,000 96,211
~3.3°C 94.137 98.863
-5.9°¢ 71,927 82,954
-9,0%C 17.4%2 26,894
-12.,0°C 11.129 36,742

-15,0°¢ 1%.576 21,969 3
oo -7.2% -7.6°¢




Although greater values at the lower temperatures are often found
with the TTC test, it is considered that, for statistical analyses and
convenience of use, all indices in the electrolyte release method will
be subtracted from 100 to equate the results obtained by this method
with those {rom the TTC test. This means that a scale of cscape from
damage as a percentage of undamaged material is used here,

In this study, no indication will be given thaet a parlicular 5074

frost~killing point has been estimated either by the electirolyte release

method or by the tetrazolium test since -
(a) the tests have been equsted by the method
mentioned above,
(b) it is considered that the t5o's measured by
either test are equivalent,

Very occasionally, values have been obtained from which no t50
ould be estimated since the values ranged only fxom 100 1o 50 compared
7ith the normal 100 to O, From subjective cstimates of damage it was
‘ound in nearly every case that a 904 frost-killing point could be
ybtained if t?O was used, However, 1o compare these sets of data with
he normal sets of results, a conversion factor had to be found where
=t

70 50° The following empirical conversion has been found:~

(observed value)2

Converted value = 100

The correlation coefficient, r = 0,9578, between visually estimated

values and t.. values obtained after conversion is highly signifi-

50 50
ant (p<0,001).
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Statistical analyses

(a) Anolysis of varisnce (Appendix 3%)

This was used to determine if the variation in frost hardiness
throughout the year of each species at each site was significant or
due to random fluctuations in the population. Comparisons between
sites have been attempted using both analysis of variance and t-test

methods.

(b) Multivariate regression analysis (Appendix %)

By calculating the regression of a dependent variable Y on inde-

X

pendent variables X19 Dy e e e

Xn’ the relative influence of each
X on the variation in Y can be determined, and also the significance
of this influence, The calculation has been done in this study by
considering the variation in t5O for each sample throughout the year,
and determining the influence of at least the {wo independent variables,
temperature and photoperiod, on this variation, Other variables in-
cluded in some of the analyses axe rainfall and age of material,

Calculations involving two independent variables X, and X, have

1 2

been carried out on a desk calculator, but more than two independent
variables has necessitated the use of a program on the Iinglish Electric
{DF 9 computer at Glasgow University.

Variation in tSO for each sitc is represented grephically, a dis-
tinction being made between different year's growth where relevant.

tlesults of analyses of variance and multiple regression analyses are

epresented in tabular foxrn,
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5. Results

Analysis of variance has been carried out on the veriation in
frost hardiness of all samples and an example is given in Appendix 3,
In all samples, highly significant differences have been found for the
freezing time interaction, i,c. the damage induced by a certain level
of freezing varies in determinations done at different times: this

difference is equivalent to a difference in 1., value, Least signifi-

50
cant differences generally indicate a significant diff'erence of aboutl
o) . P R

17C hetween t50 values in summer and a significent difference of about

@ . . S e
2.5 C between t50 valucs in winter within any individual sample,

(1) Ben TLui
Figure 10 shows the variation in frost hardiness of ledge forms of

Vaccinivm myrtillus and V., vitis-idaea.

It is seen that both species have a low resistance in summer and a
high resistance in winter, the greatest resistance being in November

(v, vitig-idaca) and February (V. myrtillus). The fluctuations in

.

V. vitis-idaesa during late winter and spring coincide with fluctuations

in temperaturc (Iigure 2), especially in February when there was a period
of sub-zero mean temperatures, The sharp drops in Autwmm 1968 and 1969

in V, myrtillus are due to abscission of leaves, the stems being more

nardy than the leaves by that time of year, As soon as the mean temper-
rture rises above zero in mid-March, large decreases in hardiness are

seen in V, myrtillus, Frost at night at thet time of the year seems to

wwve little effect in maintaining the frost hardiness, the increasing

laylength coupled with the higher temperatures during the day appearing
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to have the main influence, Variation in frost hardiness in V., myrtillus

at least, seems to parallel the variation in temperature and daylength
(igures 2 and 5), but little distinction between these two factors can
be made at this stage.,

Figure 11 shows the variation in frost hardiness of the turf forms

of V. myrtillus and V, vitis-idaea, Little difference is secn in the

hardiness ol these forms compared to the ledge forms, though V, vitis-

idaea, turf form, has not responded to the low temperature spell in

February and appears to lose hardiness earlier than V, vitis-idaca, ledge

form,

The young material of V., vitis-idaea, turfl form, appears to be more
susceptible to frost than that of the ledge form which is about BOC
hardier, The previous year's growth of the turf forms appears to be

more hardy in June than the ledge forms and in V, myrtillus  turl form,

it is scen that the stems are more hardy than the leaves in August, two
nonths before leaf drop in October,

In Figure 12 is shown the varistion in frost hardiness of V, uliginosum.

vinter and the least in summer, with a maximum susceptibility obtained
in September, 1968, Differences between young and old material, and stems
ind leaves of the same year's growth are seen very clearly. The main
lifference between this species and the others seems to be its much greaster

‘ange of hardiness, V. uliginosum, although Jjust as susceptible as the

) . . , ,0 .
vther species in the summer, attains a hardiness of -3%5 C compared with a

zximum of Jjust over -15°C in Vv, myrtillus, ledge form, and with the other

pecies rarely exceeding —150C. This ability to harden to a very low



level gppears to be a feature of hardy arctic and elpine perennials,
(cf. Billings and Mooney, 1968).
Multiple regression analysis (Appendix 3) has been used to relate

four envirormental variables (X1, X,, X, and X, ) to the variation in frost
%

2 4
hardiness (tao) where -
X1 = mean temperature of the T days before date of sampling,
Xé = mean daylength of the 7 days before date of sampling,
X5 = age of plant in days from bud-break,
X4 = mesn rainfall (inches per day) for the 14 days before
date ol sampling,
Pas .
Y = predicted t., value for any specified values of X,, X
50 1 T2
X, and X,
5 4

Results obtained using the KDI'Q program include regression coefl-
ficients, variance ratio for the regression and all sums of squares and
products, These have been expressced in Table 10 and percentege variation
Jjue to the regression has been calculated Gf§2/2y2 x 100) (see Appendix %),
15 well as the significance of the regression from the variance ratio.

Another program, using the Elliott 4100 computer al Stirling University,
188 calculated the significance of the contribution of each individual
“actor to the regression, After this calculation for the whole regres-
sion, non-significant factors are removed and the regression recalculated
‘or the factors remaining, This is repeated for several levels of signifi-
rance from 104 (p< 0.1) to 0,19 (p<0,001) and the results are presented in

able 11,
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Table 11, t-values and significance of dindividual repression

coeffiicients, Ben ILui,

Vvil | Vml Vu | Vwit | Vmtb
X1 0,62 | 0,88 |1.38 | 0,77 { 0.51
X, 1.3% 1 2,66% 1 1,33 | 3,37 | 3,47
XB 0.99 | 1.30 |0.,%2 | 1.86 | 1.29
Xﬁ 0,58 | 0,67 |0,15 | 0.58 | 0,05
5% significant ) :
(p<0.05) none | Xy | X K &
1% significant _ ,
(p<0.01) none | X, s o %o
0.1/ significant N j
(p< 0.001) none X2 none | X2 X2
|
.X.
= p< 0,05

In Table 10, it is seen that the regression is highly significant

in three species but not significant in V, vitis-idaea and V., uliginosun,.

This is probably s true result in the V, vitis-idaea, since the percent-
age contribution of the regression fto variation in frost-hardiness is
extremely low, and also no factors are singled out (Pable 11).

However, in V, uliginosum, percentage contribution of the regression

to variation in frost hardiness is quite high and the non-significance is
probably due to the small number of tSO values in the regression, causing

1 decrecase in the degrees of freedom and thus a greater residual mean

square, In the total regression, no factor is significant in V, uvligin-

sum (Table 11), yet X, is singled out down to the 14 level of signifi-

ance, This apparent paradox infers that there is an interaction between

4
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factors and that lthe maltiple rcgression analysis may be nmasking the
individual contribution of temperature, From Table 11, il looks as
if X2 (daylength) could be the {actor interacting with X1 (temperature)
but by calculating the single regression between these two, a non-
significant correlation was found (r = 0,5507). The‘single correlation
of X2 (daylength) and Y (tSO value) was found to be significant, however,
[r = 0.7329% (p<0.05)] and this relationship has been masked by the
maultiple regression, It is thought that although interaction betwcen
factors is non-significant, the interaction ig sﬁfficiently large to
allow this masking to take place.

Accepting that this masking does occur occasionally but that it is
possible to recognise it because of the apparent paradox il creates, it
is seen from Table 11 that the predominant factor is daylength in

V. myrtillus, both ledge and turf forms, and V, vitis-idasea, turf form,

and this factor also has the highest t-value in V, vitis-idaes, ledge

form, though it is not signifiicant,

Temperature is the predeminant factor in V., uliginosum, being highly

significant, though as has been stated, daylength is also significant at
she 57 level, but has been masked,
yiscussion

From carlier analyses, using the two paramcters of temperature and
aylength only, a difference was found between those Vaccinium species
rowing on the ledge and those on the turf, the former being more influ-
nced by temperature, Differential snow-cover between the two sites was

hought to be a reason for this difference, the turf site being more



insulated {rom air temperatures. Since the additionsal results of lale
summer and autumn 1969 and the extra parameters have been added, the
influence of the temperature fzctor is scen to decresse in all cases

except V, uliginosvm, with the daylength factor being dominant in the

others, It would appear from this that the daylength factor has the
greatest influence throughout the whole year but that the temperature
factor is effective only at certain times of the year, Insu{ficient
values have been taken to determince the relative influence of these two
factors at various times of the year, but {he fact that frost hardiness

of V., myrtillus, ledge and turf forms, and V, vitis-idaca ledge form,

responds to temperature fluctualions in February suggests that temper-
ature may have more influence during late winter and early spring,
though it is evidenl that lengthening doys have an effccl also,

Tranguillini (1964) has sugeested, in addition to the yearly curve
off frost resistance being determined by the lemperature history of the
alpine plant, that this curve may be influenced by an internal srmual
rhythm, This has seemed likely from the work of Ulmer (1957) and
Tranguillini (1958) who both found that dchardening had occurred during
the spring in branches which were buried in snow and thus were under
constent temperature conditions, Trangquillini (1964) also susgested
that the possible effect of changing day length hos not been eliminated
as a controlling factor,

In a2ll the samples from Ben Imi, except V, uliginosum, it has been

found that changing daylength is the main factor in controlling frost
hardiness, with no evidence of an internal rhythmn, Since light can

penetrate snow to some depth, the dehardening found by Ulmer (1937) and

AYG I
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Tranquillini (1958) was probably due to changing daylength,'

On the Continent, snow cover has been found important in thosc species

which do not harden greatly, including V, myrtiillus (er, Havas 1969) and

V., vitis-idaca 6 which has becen found to harden to only w2400 (Ulmer, 1937).

This requirement for snow cover is thought by the latter worker and other
Continental workers to be due to a sensitivity to frost by those species
at the very low temperatures prevalent in winler in the alpine areas -
studied, This suggests that, genetically, these two Vaccinium species
aﬁe able only to reach a certain limiting level of hardening, thus causing
limitations to the areas in which they can survive,

On Ben Lmi, V, wyrtillus and V, vitis~idaca appear to harden only

by a margin just great enough to avoid frost damage at any particular time
of the winter, but this hardening does not appear to be as great as those
Vaccinium species at lower altitudes. This is discussed more fully lster,
No difference in hardening is observed betwecn the forms growing on
the turf{ and those growing on the ledge, although it is thought that the
turf forms are mere insulated from the ambient temperatures by a covering

of snow, the larger ledge forms usually protruding through the snow and

are fully exposed, This is emphasized by the fact that V, vitis-idaea,

turf form, has dehardened to less that -8°¢ by the middle of March
(Figure 11), yet mininum temperatures of ~70 to -8°C occurred on Tour
occasions after this date with no observed damage to this form. Snow
was observed to lie at a depth of 5 cm, or more from mid-Janvary, 1969
to mid-April, 1969 with only a brief clear spell in February. Thus

snow cover may be essential for survival, even on Ben Lui, especially
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as daylength is the wain factor influencing the frost hardiness,

Vaccinium uliginosum, although being partly influenced by changing

e EaESE LS

daylength, mainly responds to temperaturc,

P et

It must thorefore be presumed that when Tranquillini (1964) refers
to the yecarly curve of frost regsistance being determined by the temper-
sture history of the alpine plant, he means a true alpine plant such as

V, uliginosum with a large hardening capacity rather than an alpine of

restricted capacity such as V, myrtillus or V., vitis-idsea,

(ii) Scottish sites other than Ben Tui

FMigure 15 shows the varistion in frost hardiness of V, myrtillus

id V, vitis-idaes, Loch Katrine, As before, both species show sus-

leptibility to frost in summer and hardiness in winter, especially wintex
1969, I'rost hardiness is well below minimum eir temperatures at any

;ime during winter, especially in V, myrtillus, Both species appear to

e fully dehardened by the middle of April before the new buds have ex-

anded, Bud~-break has occurred in V, myrtillus by the beginning of

pril, V. vitis-idaea appears to be less hardy than V, myrtillus during

dinter 1968-69 but only by 2 small amount, Variation in temperature and
aylength (Figures 3% and 5) appears to parallel the variation in frost
ardiness bul no subjective distinction can be made between the effects

f these two environmental factors,
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Table 12,

Regression equations and significance of regression,

Loch Katrine, Milngavie Moor, Garelochhead and Malham Tarn

¢ veriation due

Variance

bignificance of

Species Regression equation to regression |ratio (F¥); regression
A
Y = ~24.,7982
Wi Kat - 1.2520K, + 2.4'186}(2 85,73 9,03 * (p<0.05)
- 0.0384X; +34.9317X, |
- N
Y = ~50,8520
Vm Kat + 0,0748X, + 0.9570X,, 84.%1 6,72 * (p<0,05)
+ 0.0183)(3 +24.2919X4
A
Y = ~41,0853
Vm Miln - 0.1699X, + 1.5548X, 81.99 7.97 ** (p<0,01)
+ 0,0199X%, +63.9150X
3 4
~
Y = -15.9214
Vm Gare + 0.5565X1 + 0.3219%,, 81,60 4.4% |Not significant
- 0,0025X, + 2.0852%K
5 4
A - -
Y = ~135,40%59
Vvi Melm + 0.0808X, + 0.5420%, 88,20 11.21 ** (p< 0,01)
- 0.0151X, - 0,2349X
3 4
A
Y = -10.%414
Vm Maln + 0.4144X, ~ 0.1414X, 87.44 8,70 * {p<0,05)
- 0.0161}(5 + 51.6890;{4
Vvi Kat = Veccinium vitis-idaea, Loch Katrine
Vm Kat = V, myrtillus, Loch Katrine
Vm Miln = V, myrtillus, Milngavie Moo
Vi Gare = V, myrtillus, Garelochhead
Vvi Falm = V, vitis-idsea, ¥alham Tarn

Vi el

ot

m

V., myrtillus, lalham Tarn



FPigure 14 shows the variation in frost hardiness of V. myrtillus,

Garelochhead, and V, myrtillus, Milngavie Moor, Although of similar
hardiness in the summer, the materisl from these two different habitats
show very distinct differences in winter, the form growing on the open
moor possessing a much greater hardiness, Greater exposure to environ-
mental extremes in the moor habitat is probably the cause of this dif-
ference, the material at Carelochhead being very sheltered,

To determine the influvence of the samc four environmental factors
as on Ben Imi, muliiple regression analysis was carried out on variation
in frost hardiness for the material from Loch Katrine, Milngavie lMoox and
Garelochhead, The results are presented in ables 12 and 13 in the samc
manner as for the Ben Tui results.

Table 15, t-values and significance of individual regression

coelfficients - Loch Katrine, Milngavie Moor,

Gareclochhead and Malham Tarn

49.

Vvi Kat Vm Kat | Vm Miln | Vm Gare | Vvi Malm | Vi Malm
X, %, 34% 0,22 0,31 1,00 0.54 1,81
X 4.64%F 2,95% 2,85% 0.8% 2.17 0,42
XB 2.7%% 1,38 1.10 .0,19 %,06% 1.50
X4 4.,05%% 2.54 2,26 0,1% 0.0% 2.65%
, significant
0<0.05 X, X5, xa,x4 X, X, x4 X, X5, x5 x1
,;ifglg?oant ; X2, X4 X2 L, X1 Xy, X5 X,l
7; Significant‘ one rone none none X e
p< 0,001 | n 2 none
* p< 0,05 ** $<0,01



Results indicate (Tabhle 12) thal the percentsge varialion in frost-
hardiness due to the regression is high in all cases and signiflicant

excepl in V. myrtillus, Garelochhead. The latter exception appears to

be similar to the situation in V. uliginosum (Tables 10 and 11), where

non-significance is due to the small number of t_.. values, Interaction

50

is also seen in Garelochhead materisal (Table 13) with X, (daylength)

2
probably the factor interacling with X.1 (temperature) which has been
retained.as significant down to the 1¢ level, Correlation of X, and ¥

(t50 valuf) gives v = 0,75%6™ (p-<0.05), and regression of X2 on X1,
gives r = 0,6888" (p<0,05). Thus, interaction between temperature and
daylength does occur and this causes the multiple regression to mask the
contribution of daylength, significant to the 5% level,

From Table 13 (Scoitish sites only), daylength appears to be the
predominant factor, with the exception of Garelochhead matcrial which
appears to be more influenced by temperature, Compared with Ben Iui,

these lower altitude samples are also significantly influenced by another

factor ~ rainfall. In V, vitis-idaea, Loch Katrine, the influence of

rainfall is as significant as daylength, though the t-value for daylength

at the 17 level is greater than that for rainfall, V. myrtillus,

Milngavie loor, is also influenced significantly by rainfall, Although

10t significant at the 5% level, rainfall contributes to V, myrtillus,

Loch Katrine, at the 10,0 level, It would seem that in these three
samples at least, periods of low vainfall have caused significant in-
ireases in hardiness, Table 3 indicastes that low rainfall in December

1968 and February-March 1969 could have influenced the level of hardiness



in thesc samples (Figurcsi1? and 14). Prom Table 3, it is also scen

that rainfall for Ben Imi is 2-4 times greater than the lowland stations
for these same months, Altogether, at least twice as much rain falls on
Ben Iui compared to the lower altitude stations, It is probable thatl
water shortage rarely occurs at high aliitude and no stress will he
cauéed inducing a bardening of the plant.

Vaccinium vitis~idaea, lLoch Katrine,K appears to be significantly

influeﬁced by all the factors. Shading perhaps has modified the day-
length effect, allowing the other factors to contribute 1o a greater
extent.

The possibility of shade causing a difference in the effects duc to
daylight probably contributes in part to the predominant influence of
temperature on the Garelochhead material, Even in winter at this site,
the light is redus ed considerably. In such a stable, sheltercd environ-
ment it would seem 1hat temperature is able to exerl the greatest in-

fluence on the frost hardiness of V., myrtillus,

Discussion
As with the Ben Lui material, it would seem that low altitude forms
are also mainly influenced by daylength, but Garelochhead material appears

to be more influenced by temperature for the reason mentioned above, The

nuch lower rainfall at lower altitudes appears to influence frost hardiness

to a significant level, higher altitudes receiving too great an amount for
m effect of water shortage to develop,

One of the main differences between the lower altitude forms of

[, myrtillus and V, vitis-idaea (excepting V. myrtillus, Garelochhead) and
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those of higher altitudes is that the lower altitude forms appear to
harden to a greater extent in winter. This 4ds surprising especially
since temperature extremes are greater at the higher altitude, A pro-
bable explanation for this involves the shorler growing season at the
higher altitude,

Plate 10 shows shoots of Vaccinium myrtillus collected at different

altitudes on Ben Lui on 19th May, 1969, It is seen that although the
shoot at 2,800 ft, (850 m) has broken bud, no growth has taken place.

An increase in growth with decreasing sliitude is also seen, .This is
due to the decrecasing tewmperature with altitude and it illustrates the
shorter growing season caused by lower temperatures at higher altitudes,

It has also been observed that leaves of V, myrltillus at higher altitudes

turn yellow and fall off earlier in autumn than those at lower altitudes,
The length of time that mean temperatures exceeded 500 on Ben Tui
was 158 days in 1968 and 170 dsys in 1969 (Figure 2), whereas al Spring-
burn Park this length of time was 216 days in 1969 (Wigure 3). This
again illustrates the shorter growing season with sltitude,
Trangquillini (1967) hes suggested that frost-drought damage occurs

in Pinus cembra in late winter because of frozen soil and poor trans-

pirational control duc to immaturity of the ncedles, The very short
growing season al high altitude was thought to prevent the needles {ron
mgturing fully.

Similaxrly in the present study it is thought that the short season

2

for growth at 2,250 ft, (684 m) on Ben Iui, prevents V, myrtillus and

V., vitis-idaea from maturing fully and thus they do not respond fully
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bo hardening conditions, It has been shown previously (e.sg. Levitt,
1956, 1966) that the response to hardening conditions depends on the

stage of development of the plant, and it is probable that immature plants
o not respond to hardening conditions as efficiently as malure plantis.

Vaccinium uliginosum appears to have fully matured in the short

season on Ben Iui, and thus is more adapted to that particular habitat.
Thig hypothesis concerning immaturity due to short scason is further
substentiated by growth cabinet studies (see later) where after 85 days

3t 57C, V. myrtillus and V, vitis-idaea are still continuing to grow

vhereas V, uliginosum has stopped growing.,

It is thoughl that short seasons at higher altitudes, causing in-
2fficient responses to frost hardening conditions may be the cause of

vltitudinal limitations in V, myrtillus and V. vitis-idaca. This would

srobably make snow-cover essential for survival in winter at altitudes
wven greater than those sampled on Ben Iaui, It may be morc critical for

/. vitis-~idaea since this spccies has not the added proteclion of leaf

ibscission in autumn.

f oy e 0 .
(iii) Hnglish sites

Migure 1% shows the variation in frost hardiness of Vaccinium
J Jacelnium

nyrtillug and V, vitis-ideea, Malham Tarn,

As In all the others, the greatest resistance is seen in the winter
’ .
ind the most susceptibility in the summer, The greatest hardiness

regched in V, myrtillus is in March and the greatest hardiness recached

' . . . . . e}
in V, vitis-idaea is in January-March and barely exceeds ~137C.

The results of multiple regression analysis are given in Tables 12
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and 13%. From Table 12 very high percentage veriation due to regression
ig seen in both species with signiflicant regression in both cases., Tronm

Table 1%, the factors significently influencing V., vitis-idaes are day-

9

length (dovn to the C,15% level) and age (dowa to 1% level).  The coel-
ficlent of the latter is negatlive however, meaning that the old material
is the least hardy. Values show an upward trend (dehardening) from the
beginning of the sampling period (Figure 15) and only a few values have
been obtained for young material which is very susceptible to frost,

The reason [or the significanl, negative regression with age in V. vitis-
idaea is thercfore due to most values_occurrjng during the dehardening
stage, It does not mean thet young material is very Trost hardy. It
is thought that this factor does not actually contribute to variation in
hardiness but is more a side-elfect of the regression. Daylength there-~
fore appears to be the only factor significantly influcncing the varistiion

in frost hardiness of V, vitis~idaea.

In V, myrtillus, however, the only significent factor is temperatlure

3

(to the 17 level)

, although X4 (rainfall) is retained at the 10% level,

Figure 16 shows variation in frost hardiness of V., myrtillus and

V. vitis-idaca, Stiperstones, and Tigure 17 of V, myrtillus, Ixmoor and

Dartmoor, A1l four of these samples show very similar hardiness patterns,
Only two envircnmental parameters, mean monthly temperature and daylength,
have been available, and using these, multiple regression analysis has
been carried out on the four samples, Resultis are shown in Table 14.
Significance of individual factors has not been calculated because of the

very small number of samples in the regression, However, standard partial
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regression cocfficients (B) (see Appendix %) have been calculated for
each factor, 6 compared and expressed as a percgntage.

Very high percentage varistions in frost hardiness due to regressions
are scen, and this is due to the very small number of samples in the
multiple regression, The variance ratio indicates high significance in
all cases except for V. vitis-idaea, Stiperstones

, Which is not signifi-

cant, By calculating the standard partial regression coefficients (B)

it is seen that daylength has a very marked inflluence on variation in
frost hardiness in all samples, temperature only having a small contri-
bution,

The range of [rost hardiness in those samples from Malham Tarn,
Stiperstones, Mxmoor and Dertmoor appears to be very similar, with the
greatest hardiness exceeding -1500 on only two occasions, There is no
evidence of immaturity in these samples, even though they do occur at

altitudes of 900 ft. (275 m) or greater, The fact that V, myrtillus,

Malham Tarn responds more to temperature may indicate that this sample

is mature and responding to hardening conditions (viz., V, uliginosum,

Ben Lui), It is thought that the hardiness developed in these samples
is optimal for the conditions under which they are growing, with dsylength

naving the predominant influence except in V. myrtillus, Malham Tarn,

he greater length of day at more southern latitudes after the equinox

in September (Figure 5) may prevent hardening from fully developing. -The
longer daylengths before the equinox in March st southern latitudes pro-
ably cause early dehardening and breaking of dormancy to occur. This

.8 substantiated by the fact thal ilhe more southerm samples of V. myrtillus,
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for example at Dartmoor, Hxmoor and Stiperstones, have dchardened to

0 o . s '
~107C by the beginning of March, whercas V, myrtillus, Malham Tarn reaches

this Jevel at the end of March, and V, myrtillus, Milngavie loor at the
middle of April (Figurc 18); = = 0.9676 is not significant because of

the small number of points, Since mean temperatlures at these different
latitudes do not differ greatly (Table 2), it ds thought that this length-
ening of the growing season with decreasing latitude is due to longer day-
lengths atl certain times of the year at the more scuthern latitudes
(Pigure 5), This is supported by growth cabinet stnudies (see later),

4, General conclusions

From the multiple regression analyses, daylength is found to be the
factoxr most influencing the frost hardiness in nearly all cases, the
shorter being the daylength, the greater the frost hardiness. The

temperature factor is predominant in Veccinium uliginosum, Ben Lui,

V. myxtillus, Garelochhead, and V. myrtillus, Malham Tarn, shortage of

rainfall at lowland sites in Scotland also significantly contributes to
an increase in frost hardiness,

Inefficient hardening caused by immaturity due to short growing
seasons at 2,250 ft, (465 m) on Ben Lui, is thought to be thce reason for

the lesser hardening of V., myrtillus and V, vitis-idaea at this altitude

compared wilth lowland sites, which do not suffer the same environmental

’
extremes, Altitudinel limits of distiribution therefore may be caused by

the irability to survive frost damege in winter by these two species,

Snow cover may be essential for survival at higher gltitudes in V., myrtillus

and ¥V, vitis-idaea, especially in the latier,




Studies on the frost hordiness from sites at diffeorent latitudes

indicate an increasing length of sceson with decreasing latitude and

the longer daylengths at more southern latitudes in late Septenber nay

prevent frost hardiness fron fully devcloping. Both tlhese surpestio

are supported by growth cabinel studies,

s

Py
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(b) Drought Resistance

1. Introduction

Water has been known to play an important part in the distribution

of many plants for a long time (e.g, Warming, 1895; Schimper, 1898) and
on the basis of distribution, three distinct types of plant have been
designated., Hygrophytes are plants of habitats with an abundant water
supply, xerophytes arce thosc of dry habitats and mesophytes are those
in between with an average water supply. These three types show dis-
tinct differences in their morphology and their physiology with respect
to water relations. It is the purpose of this section mainly to dis-
cuss ways in which the physiology of plants is aflfected by water stress
and how, by differing responses to this slress, plants show diffcrent

distributional and ecological patterns.
0 I

Terminology

There appears to be a greater confusion in the terminology of
drought resistance than that of frost resistance, The term drought
resistance has been most commohly used in an all-inclusive sense to
describe all plants suitable for growlth in dry conditions no matter what
the mechanism of resistance (c.g., Maximov, 1929). Yet there is some
tendency to use the term in a more restricted scnse, For example,
Tumanov (1927) states that drought resistant forms can tolorate per-
manent wilting without injury for & longer time than non-resistant
forms,

T1jin (1930) introduced the term “desiccation resistance"

("Austrocknungs—resistenz") and defined il as the lowest relative
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humidity with which the plant can come to equilibrium without suffer-
ing damage, Hofler et al., (1941) also used. this term, bul at the

same time preferred the word "Dirreresistenz" for droﬁght resistance.
Stocker (19563) has uased the texm "protoplasmic resistance™
("plasmatische Durreresistenz") and this probably should be used only
for resistance of the protoplasm itselfl, Other terms used are "drought
tolerance" (e.g. Bayles et al., 1937; Levitt, 196%) and "drought cndur-
ance" (e.g. shanz, 1927) . In keeping with the terminology used in the
Ifrost resistance scction of the present study, dfought resistance will
be used in a generic, all-~inclusive sense of the ability of a plant to
remagin alive during drought. The ebility of plants to survive desic-
cation will be called "drought hardiness" (Levitt, 1956).  Biebl (1962)
discusses the terminology in more detail,

Literature

Early work on plant-water re]étionships is reviewed in Maximov
(1929) and Kramer (1949) and many reviews since then have widened our
knowledge of the subject. Modern reviews on the subject include thoge
on drought resistance (Levitt, 19563 Parker, 1956, 1968; Stocker, 1956a;
Iljin, 19575 Oppenheimer, 1960), water déficits and physiological pro-
cesses (Stocker, 1960; Vaadia et al., 1961; Henckel, 1964), cell water
relations (Slatyer, 1962), water economy and hydrature (walter, 1955),
water stress and plant growth (Kramer, 19632, and detexrmination of water
deficits in plant tissues (Barrs, 1968). There have also been many
books compiled on this subject e.g. Ruhland (1956), Kozlowski (1964, 1968)

and Slatyer (1967). This study will deal only with the aSpecté of plant

water relations which come under the heading of drought resistance, with



particular refervence to the ability to reduce water loss and the ability
to endure dehydration as factors contributing to survival,

Drought resistance is a quantity that has been meéasured in many
different ways and the data obtained can be evaluated only if there is
a clear concepl as to whether the method measures avoidance, tolerance
or total drought resistance, Avoidance is the ability of the plant to
exclude the drought from its tissues and {tolerance is the degree of
drought within its tissues that it can survive (i.e, drought hardiness),
These two aspects are considered in nore detail,

Wateor balance and its measurcement

The response of plants with respect to water is directly cbntrolled
by the internal water balance which is affected by the relative rates of
transpiration and water absorption. No single factor affects the water
balance but it depends on the complex of plant, soil and climatic factors,
Thus a given response of a plant wilh respect to its water relations can
be measured by determining the internal watler balance and this is usually
done by measuring the water deficit,

The methods of measuring and expressing water deficits have been and
still remain a source of confusion in the field of plant-water relation-
ships. A water deficit is represented by two parameters, the content of
water and the energy status of the contained water which is expressed as
the total water potential, To describe a water deficit completely, both
these should be measured but as water potential is difficult to determine,
water deficits. are often expressed only in terms of water content. It

has been maintained that water content of plants does not give a satis-

oe
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factory measure of water deficits (c.g. Kramer and Brix, 1965; VWeetherley,
1965) but Mecklon and Weatherley (1965) and Barrs (1966) have suggested
that this may nol always be so when overall gradienls are the only
factors considered, Relative water content (see later) may be &
relatively insensitive measurement of water deficits at high water
potential values according to Slatyer and Mellroy (1961), but the »re-
lation between the {wo paramceters was not always the same. Until more
proof can be obtained, it would seem thal water content continues to be

a satisflactory way of measuring watcr deficits, and is used in the pre-
sent study.

The measurement and expression of water content has been, and still
is, a problewn in plant physiology when comparisons between plants haQe
been necessary. Vater content must be expressed as a {fraction or per-
centage of some basic value, Two of these basic values which have been
widely used are oven dry weight and fresh weight,

Dry weight has often been used (e.g. Miller, 191/; Pisek and
Cartellieri, 193%; Kramer, 19%7) and still is (e.g. Satoo, 1962;
Tranquillini, 196383 Hotakeyama and Kato, 1965), hut it is olften un-
satisfactory since dry weight may not remain constant either for the
short duration of an experiment or particuvlarly for long term seasonal
stbudies, Chaney and Kozlowski (1969) have measured scasonal variziions
in actval moisture content, moisture content as percentage of dry weight,
and dry weight of three types of fruit and found that the percentage

moisture content was variously influenced by actual watcer uptake or loss,

change in dry wveight or both of thesc, They concluded that percentazge



moigture content alone is not an accurate indicafor of internal water
balance but must be interpreted in relation to both water weight and
dry weight changes of tissues,

Fresh weight has alsc been widely used as a basis for the expression
of water content, bul the errors due to dry weight changes are still
present (e.g. Halevy and Monselise, 1963), and the extent of changes in
actual water content, especially large oncs, tend to be redw ed (Mattas
and Pauli, 1965),

The best available basis for expressing plant water content would
scem to be relative to the water content at full turgor,

Stocker (1929) first introduced this technique for measuring and
expressing the relative moisturc content of leaves and twigs, and made

a preliminary survey of variation among species, particularly with re-

9
spect to drought resistance of plants. He calculaled the weter deficit
(Wassor-defizit) (WD) as,

Saturated weight - fresh weight ¥ 100

Wb Saturated weight - oven dry weight

i.,e. the water deficit is the water uptake by a freshly picked leaf as a
percentage of the water conlent of the same leaf when fully turgid,
Since Stocker, many workers have adopted and modified this calcu-
lation for their own purpose and have confused the measurements and
terminology in this field (c.g. Halma, 1933%; Evanari and Richter, 1937;
Stalfelt, 1961), Weatherley (1950) developed a new expression and a
nev method for meassuring water stress in field plants, He punched
discs from cotton leaves, obtained the fresh weights and floated the

discs on watcr until they became saturated. After oven drying he



calculated the "relative turgidity" of the leaves,

Fresh weight - dxy weighti 100
saturated weight - dry weight

Relative turgidity =

This is the complement of Stocker's water deficit, i.e, WD = 100 - RT
Althoﬁgh many workers have used this technique successfully,

relative turgidity has suffered the ssme fate as Stocker's water delicit

in being modified (e.g, Fraser and Dixks, 1959), The term "relative
turgidity" also has been criticised on the grounds that it suggests some
connection with turgor pressure (Walter, 1967%; Slavik, 1966) althoughzﬁééié is!

direct | '
little/connection. Weathexrley (1965) considers the ambiguity of the

term and supporis the renaming of the term as “"relative water content!
(RWC). This latter terminology and its determination will hbe used in
the present study. An error in the measurcment of full turgor is that
water uptake may continue after full turgor has apparently been attained;
but this is fully discussed in Barrs (1968).

Avoidance of water deficits

Slatyer (1955) has shown thal the superior drought resistance of
grain sorghums over cotton and peanut is due to droﬁght avoidance, and
nis results point clearly to the two ﬁain factors in drought avoidance:
resistance lto water loss and increased water uptake, By regulating
these two. factors, the plants can maintain a favoureble internal water
salance, In the present study only resistance to water loss will be
onsidered with pariticular reference to stomatal closure as this has been
ound to be the most efficient method of reduciﬁg or preventing water loss

‘e.g. Stocker, 1956b; Milthorpe, 1960).

The importance of excessive water loss has been recognised since
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Schimper (1898) who stated, "Physiological droughtl is caused by cxternal
'facto s which eilther reduce sbsorption or which favour trenspiration, or,
and this the most frequently, there is a combination of these influences,”
Vhen investigators measured transpiration rates they found, (unexpectedly),
that xeromorphic planls usually had the highest rates (Maximov, 1929).
Maximov (1931) attempted to correlate transpirational behaviour with leaf
anatomy or ecological status of the plants and failed to determine any
pattern, Workiﬁg with Ericaceous plants Schraty (19%32) also failed to
differentiate between different ecological types on the basis of trans-
piration rates, This failure led Maximov (19%1) to conclude "It is not
the rate of transpiration when an abundance of water supply is present,
but the capacity to restrict water loss to a minimum in time of drought
that characterizes the water utilization of the xerophyte."

This type of response Lo drought stress in plants has been measured
by depriving shoots of water and following the decline in transpiration
by gravimetric means.,  Hygen (1951, 1953a, b) has used this method
successfully and the method used in the present study is a simplified
quification of his technigque and calculations,

Tollowing the loss in weight of cut shoots; pretreated to ensure
saturation and open stomata, Hygen mathematically analysed his "{rans-
piration decline curves'" to obtain several transpiration parameters,

He also divided the "transpiration decline curve" into three phases,
stomatal, closing and cuticulaxr phases. Using these parameters he

successfully distinguished between Vaccinium myrtillus samples {from

different habitats (Hygen, 1951), end between V, myrtillus, V, uliginosun
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and V, vitis-idoca (Hygen, 19554, b) which were considered o be

mesophytic, hygrophytic and xerophytic types.respectively.

The computations in this method are laborious and all Hysgen's
measurcments were on a fresh weight hasis, Simplified modifications
of this technique using saturated water content as a basis of measure-
ment have been used by Pisek and Winkler (1953), Jarvie and Jarvis
(1963a, b), Bamnister (1964), Lopushinsky (1969) and Hutchinson (1970),
These workers, using controlled conditions, extrapolated the linear
stomatal and cuticular phases and determined, by ihe point of inter-
section, & critical value for stomatal closure, In the present study,
the method of Bannister (1964) is used and is described more fully in
the next section,

Tolerance of water deficits (drought hardiness)

Although xerophytes are often characterized by striking morphological
and anatomical features compared to mesophytes or hygrophytes (e.g. Maximov,
1929; Oppenheimer, 1960), it was soon realised that the ability of plantis

to endure dehydration was a major factor in their drought resistance
(Nﬂximov, 19295 Tljin, 19%0) . Maximov (1929) states " ..., results ,.,..
indicate that the capacity of enduring prolonged wilting is onc ol the

most important of the characters the sum total of which determines drought
resistance in plants, If this is so, the internal physico-chemical pro-
perties of the protoplasm would appear to play the principal role in
drought resistarnce, rather then the more superficial morphological or

anatomical peculiarities of the plant.,"  This idea has been followed up,

for example, by Oppenheimer (1952), Hoflex et al., (1941), Levitt (1956)
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and Stocker (19%6a).  11jin's mechanical concept of drought injury
(Iljin, 1950), in which the protoplasmic layer is thought to rupture

on excessive dehydration, has been supported, for example, by Hofler
(1950) who siated that death results from desiccatlion more because of
mechanical causes which are dependent on the construction of the cell
wall, the thickness of the wall coatings and the size of the vacuole
than upon the inner characteristics of the plasma as such, but he
stressed that it is difficult to distinguish between the resistance of
an entire cell and that of its protoplasm alone, This latter difficulty
has probably contributed to the formulation of other hypotheses of
drought injury and hardiness, reviewed in Levitt (1956, 19%8), Parkcr
(1956, 1968) and Stocker (1956a). It is thus probable that the atmos-
pheric desiccation method, so commonly used to test tissue, measurces
the entire céll and perhaps tissue hardiness, instead of the hardiness
ol the protoplasm alone,

Measvrement of drought hardiness

This will be discussed only with reference to the method used in
the present study - water absorption capacity after droughting to various
water deficits, Other methods of measurement are reviewed in Levitt
(1956), Parker (1956) and Stocker (1956,

Using the method of Stocker (1929) for measuring watler saturation
deficits, Oppenheimer (1932) and Hofler et al. (1941) have developed a
technique of measuriang the "sub-lethal" water saturation deficit in the
former, and the “critical saturation deficit" in the latter case,

Oppenheimer (1952) found that when 5~10ﬁ of the leaf tissuc was covered



with necrotic spots, the "sub-lethal" water deficit had been.reached,
Rewatering and measuring damage substantiasted this, ofler et al,
(1941) determined the water deficit at the drought killing point where,
fresh weight at

critical saluration _ critical point
deficit seturation weight -~ dry weight

saturation weight -

X

These procedures have been used suocessfuliy, for example by Pisck and
Berger (1938), Rouschal (1938) and Tisek and Winkler (1953).  Recently
Pharis (1966) and Phavis and Ferrell (1966) have used lethal needle
moisture content (% RT) as an indicator of damage to conifers, and have
determined differences in drought hardiness. Bannister (1970) has used
lethal moisture contents to determine differences in hardiness of

Vacciniuwm myrtillus,

Oppenheimer and Mendel (1934), however, working with leaves of

Citrus sinensis, found that no necrotic spots appcared as an indication

of 'sub-lethal" water deficits, but the leaves just graduslly lost their
colour, They considered the water-absorbing capacily of damaged, wilted
leaves and suggested that the degree to which the water-sbsorbing cupacily
is lost may give useful information about the amount of injury suffered
at wilting.

Arvidsson (1951) has surveyed the critical water saturation deficits
of many planls on the Baltiic island of 61and, and has also used, to a
certain extent, the criterion of wateruabsorpfion after droughting to
determine injury. He found that the water-absorption capacity was re-

duced before drought damage appeared, and thatl the amount of damage and



the reduction in water-gbsorption cepacity appeared to be guite well

correlated. In Convallaria majalis and Mailanthemum bifolium, he

found that when 5-10% of the leaf tissue had been damaged, the level
to which the leaves resaturated after replacing them in the moisiure
chambers was 85m95% of the saturated water content,

Recently, Oppenheimer (1963) has discussed the technigue of measur-
ing resaturation deficits aflter wilting in.several Mediterrancan ever-
green trees and shrubs, He found that serious damage in detached
leaves set in when about 55# of the water content at saturation is lost,
Less wilted leaves were found to approximately regain their initisl
weights on rehydration, This point, above which leaves regained their
initial weight bul below which a deficit remained in the 1ea§os alter

rehvdratlion Oppenheimer called the "peormanent turgor loss point!
DY P & p

s
(PTL,P), Below this point he found the number of damaged cclls in-
creased steadily, producing an increased "water resaturétion deficit"
which was morc or less linearly rclsted to water loss beyond the PTIP,
Rychnovska~Soudkova (1963), Rychnoveka and Kvét (1963, 1965) and
Rychnovské (1965) have studied the reversibility of the wafer saturation
deficit as one of 1hce methods of causal phytogeography of different
species of grass, They found (Hychnovska and Kvét, 1965) that a con-
tinental type of grass (Stipa) fully recovered from water deficits over
guite a large range but that irreversible changes occurred beyond a

£

certain deficit, But with an oceanic type (Chrysopogon) they found

that an increase in water deficit brought about an increase in the water-

holding capacity of the leaf tissues but irreversivle changes also took
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place, They considered that the former type would seem advantageous
to long rainless periods but the latter type would seem to favour meso-
phytic conditions (oceanic) where only short periods of drought have to
be survived, Bannister (1970) has also used resaturation responses to
distinguish successfully between different types of heath vegetation.,
In this present study, this resaturat@on method is used as an
indication of the tolerance of the Vaccinium species to desiccation,
i.e. as a measure of their drought hardiness,

'ield studies

As wilth frost resistance, the literature on drought resistance is
immense and only selecled papers with reference to heath and alpine
plants will be considered here, Other papers are reviewed in Pisek
(1956), Stocker (1956b) and Biebl (1962),

Many of the early studies of the water relations of heath and alpine
plants and their ecology (e.g, Huber, 19243 Stocker, 192%, 19351y Firbas,
19215 Pisek and Cartellieri, 1933; Michaelis, 1934; Cartelliecri, 193%5;
Ulmer, 1937; Pisek and Schiessl, 1947) have been concerned with seasonal
transpiration rates, osmotic potentials, natural water deficits and
seasonal critical water deficits or critical water contents,

Biebl (1962) and Tranguillini (196%) have both cited Larcher (1957)
who has gathered together all measurements of natural water content by
Pisek and his co-workers, carried out near Innsbruck during several years
from Janvary to April. Larcher (1957) has compared these findings to
the annual trend of resistance to dehydration measured by Pisek and

LarcherA(1954). Natural dehydrstion was seen to be at i1ts maximum
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between February and April with the water content of mature Pinus cembrs

*

and Pices excelsa " necdles and of the lecaves of Loiseleurias procumbens

remaining well above the level of dehydration injury., However, the

water deficil of leaves of Rhododendron ferrugineum was scen to exceed

the critical limit on several occasions, It was thought that the dif-
ferences are due to different requirements for snow cover, Mature pine
and spruce would appear to survive winter drying in snowless environments

below a limiting altitude but Rhododendron secms to have a dependency on

snow cover gnd grows only in such places which are covercd with snow

reliably and for a long period in winter, The rhizomatous habit of

Loiseleuria, making more use of melted surface water, was thought to
contribute to its survival in snowless axreas, These differences in re-
sponsc to desiccation and snow cover have explained differences in vege-
tationnl composition in the alpine areas studied,

Tranguillini (1967) has confirmed the hypothesis of Michaelis (1934)
that immaturity of needles duc {to the short growing season contribules
to greater frost-drought desmage and is probably a lange factor in deter-
mining timber and trece lines in West Tyrol,

He suggests that because of the short growing season at that alti-

tude, controlled by decreasing temperature, the needles of Pinus montana ™

%

and Picea excelsa ™ are unable to mature fully, Thus they cannot control

transpiration efficiently, with the result that larger water deficits
develop, especially since water absorption is impeded by deep frozen
s0il on sites with only light snow cover, The older more mature needles

*  see Appendix 2
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appeared to be more drought resistanl than the young needles (Tranquillini,
1967, Plate 2),

Hygen (1955&) studying the water relafions of three Vaccinium
species, has found very pronounced differences with respect to trans-

piration, He has found that the xerophytism exemplified in Vacciniwm

vitis-idaea is associated with - -

() a comparatively low transpirvation rate in plants with
well open stomata,

(b) & very rapid closing resction as a responsc to waler loss,

(c) 8, great percentage reduction in transpiration rate by
closing of the stomats resulting in

(d) an extremely low cuticular lranspiration rate,

The comparatively hygrophytic Vaccinium uliginosum he showed to

have the opposite characters in all these respects, while V., myrtillus
(mesophytic) showed charpcters in between these two,
Bannister (1964) has shown that the chargcteristic vegetational

i

pattern of Erica cinerea, I, tetralix and Celluna vulgaris which grow in

dry, welt and intermediate habitats respectively, can be explained by the
responses of these planils 1o water stress, DSBtomatal closure points of

B, cinerea and I, tetralix were found to be signilicantly higher than

those of Calluna, However, when comparing stomatal closurc points of
Calluna from dry, moist and wet habitats, it was found that there wes a
significant difference between dry and other sites butl not between moist

and wetl, the lowest closure points being found in the dry hebitat, It

was suggested that Celluns from drier sites is adapted to that particuler
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habitet not by greater transpirational control but by an ability to
forgo a degree of stomatal protcction for the sake of continued assimil-
ation, Stomatal closure points have thus been shown uscful in differ-
entiating belwecen different species and also reflect the environment in
which the plant has been growing.,

Similar conclusioﬁs are found for the transpiration of plants grow-
ing in situ (Rychnovsk: and Kvgt, 196%), The most xerophytic form

(Festuca dominii) showed no control of transpiration whereas the more

oceanic Corynephorus showed a much greater control,

With many of these points in mind, the water relations of the three
Vaccinium species arc followed in the present study with respect to differ-
ent responses at different times of the year, and these responses wclated
to the habitat differences between and-within species,

2. Methods

Material is brought intlo the lahoratory from the field and individual
shoots are stood in water in closed 75 x 16 mm polythene tubes, Few
measurements have been taken of fresh weights in the field since it was
not possible to standardise the time of day at which collections were
made, Because of this, any geasonal variation in relative water content
(RWC) which might have been. found would be difficult to distinguish from
diurnal variation in RWC, After overnight saturation in the dark at
room temperature, with a short period of 3-4 hours daylight in the morn-
ing, each shoot is removed from its saturation chamber, blotled dry and
weighed. The saturation treatment and short period of light are thought

to induce wide-open stomata (lygen, 1951).
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Measurement of stomatal closure

Saturaled shoots are placed in an incubator at 28 fO,SOC and
illuminated with a 100 watt bulb, Loss in weight is followed at half
hourly intervals for three hours, by which time the stomata have closed.
Weighingsare made on an automatic balance. Dry weighls are then
obtained by oven drying the shoots al 10500 for %-5 hours.

The RWC is calculated for each weighing (e.g. Weatherley, 1950)5
and a graph is drawn of RWC ageinst time (e.g. Bamnister, 1964),

(Figure 19a). Bach point is the mean of four réplica‘teso The rate

of loss per quarter of an hour is measured from this graph and plotted
in Mgure 1%. By extrapolatling the initial rate of loss (slomatal
phasc) and the final rate of loss (cubicular phose), the time of
stomatal closurc is determined. By relating this time back to the
first graph of RWC/timey a critical valuc for stomstal closure is deter-
mined as a relative water content (Figure 19a). Variations in stomatal
closure point have been followed throughoutl the year for all species,

Measurement of drought hardiness

A standard droughtling procedure has been used,. Fourteen weighed,
saturated shoots are placed in an incubator at 28 % O.SOC and illuminaled
with a 100 watt bulb. In pairs, they are removed after 1, 2, 3, 5, 7,
9 and 11 hour exposures, weighed, and replaced in saturation chambers
for 24 hours al room temperature, After this period, the shoots are
removed, blotted dry, reweighed, and subjectively assessed for danage.

Dry weights are then obtained by oven drying at 10500 for %-5 hours.

Relative watexr contents are calculated at each stagoe,

and the graph
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plotted of resaturated water content against induced water content
(Figure 20) (cf. Rychnovska-Soudkova, 1963),. A delinite breaking
point is observed, below which the shootls do not fully resaturate,

For comparisons between plants it is essential to have a definite
critical value which can be used to describe the drought hardiness of
each sample, From early experiments, an hypothesis was formed that
those samples which became resaturated to 855 RYUC or greater usually
recovered, vhereas samples not reaching this point usually showed
irreversible damage.

Banuister (1970) has shown that the relationship between ressiur-~
ation and damage depends upon -~

(1) time of year at which the correlation was mode,

especially in V, myrtillus which may have a dilferent

relationship for leaves and stens,
(2) time allowed for visual damage to develop, with

an increase in damage over longer ecquilibration times,

In the present study, the drought hardiness of V, myrtillus and

V., vliginosum has been followed only in the summer when leaves are on

the shools, and the time allowed for visual damage to develop has been
24 hours in all species, no matter what the time of year, There is no
evidence to suggest that the rogaturation/visual damage relationship in

V. vitis-~idaeca varies with time throughout the year, however, which

means that a selected resaturalion level is cquivalent to the sane

amount of damage throughotthe year,

Regressions of resaturation against subjeclive eslimates of damage



Figure 21, Regression of visval dawage on resaturation, Vaccinium myrti
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Figure 22, Regression of visual damage on resaturation, Vaccinium vitis-
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have been carricd out for 28 resaturation values of Vaccinium myriillus

and 32 resaturation values of Vaccinium vitis-idaea in summer,

(Figures 21 and 22), In the former, a significant correlation is
observed (r = 0,7680""* p<0.001), the 8% resaturation point corres-
ponding to an approximate value of 50% danaged material, In the latter,
e significant correlation is also observed (r = 0.9409™** p<0,001),
the 85% resaturation point corresponding to an approximatle value of‘20ﬁ
damaged material,

There thus sppears to be a different response to droughting by

Vaceinium myrtillus as compared to Vaccinium vitis-idaes, with the critical

injury point occurring at a higher level of visual damage in the former

than in the Jlatter.  Vaccinium uliginosum, another deciduous speciecs,

appears to be like Vaccinium myrtillus in its relationship betwcen re-

saturation and visual damage in summer,  Oppenheimer (1932, 1963) has
used o 20,» damage point as a critical level of injury in evergreens, and

the 85% resaturation point in Vaccinium vitis-idoea would appear to agree

with this QOﬁ critical level, Bannister (1970) has also shown that the
85% level would secm to correlate with a 20% point of damage. From the
graph (Figure 20), the induced water content which gives exactly 85/ re-
saturation has been used as the critical injury point‘of the tissues and
can probably be equated with Oppenheimer's (196%) "permanent turgor loss
point", In the present study the critical point of injury is thus ex-

pressed as the water content of the tissue which gives oxactly 85y% re-

saturation and will be designated the "8%% ressturation point", Vari-

ations in this valuc have been followed throughoult the year for V., vitis-
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idaea, and during the summor for V., myrtillus and V., uliginosun.

The percentage moisture content ol shoots at saturation (as per-
centage D.W.) has also been followed for the three Vaccinium species, but
only for the materisl from Ben Lui.

Using analysis of variance, the variation throughout the period of

study in relative water content at stomatal closure of all Vaccinium

vitis-idacs samples (mean of 4 values) has been found to be highly signifi-

cant (p{j0.01), and a dif'ference between any pair.of valucs of about 4.5
relative water content (least significant difference) is considered to be
significant, Because the 894 resatluration point consists of a single
interpolated value, it has not been possible to carry out an analysis of
variance on seasonal variation, However, the amplitude of wvariation in
857 resasturation values appears to be similar to variation in stomatal
closure points,

Figures 2% and 24 show the variation in stomatal closing points and

85% resaturation points of V, vitis-idaea, Ben Lui, ledge and turf forms

respectively, An incresse in stomatal closing value is indicative of an
increase in drought resistance, sincé early closing means less water loss,
A decrease in 85 resatvration point indicates an increase in drousht
hardiness since it means recovery from a lower moisture content,

In both forms, the stomatal closing points are well above the 855
resaturation values, indicating thet stomata close in both foxms sub-
stantially before the point of lethal moisture content is reached. The

greatest diflerences are found from December-May in V, vitis~-idaea, ledge

form and from October-April in the turf form,



e

In the ledge form, the stomalal closing pointis show the highest
closing levels from December to April and the lowest level in early May.
The turf{ form, however, shows no peak, but a plateav from December to
April with very low closing levels in carly iy, The platesu occurs
during the period of snow-cover whereas the ledge form was uncovered,
Although both forms show similar levels of stomalal closing in late summer
1968, the difference between them over the ﬁotal period of measurement is
very highly significant (p<:0,001) using analysis of variance,

| The decrease in storatal closing levels in both species in the spriag

indicates a greater capacity for growth since ges exchange and photo-
synthesis can then operate over a grester range of stomatal openirng, This
affect is best seen in the turf form in the ecarly spring before new growth
is obscrved, and it is possible that reserves are being built up fast
luring this period,

EBighty five percent resaturation points in bhoth {orms show a peak in
Jetober and another periocd of high reusistance in lete winter and early

spring. V, vitis-idaea, turf form consistently recovers from snmeller

induced moisture conlents then the ledge form, a difference of at least
15/ RUC being observed between them, This indicates a greater drought
mréiness din the turf lform which in February, 1969 recovered from an in-
luced moisture content of 16,0 RWC. Both forms show most susceplibility
in summeer and early autumm,

Maltiple regression analyses were carried out to relate the four
wrameters, temperature, daylength, age and rainfall, to veriation in

oth stomatal closing points and 8% resaturation points. Results are

resented in Tables 15 and 16,
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18,

From Table 15 it is scen that nore of the regressions significantly
contribute to variation in Y, and percentage variztion in Y due to the
It would scem that the measured paramcters do

regression is glso small,

not have much effect on the drought resistance of the Vaccinium vitis-

idaca forms on Ben lui, lowever, of the individual parameters (Table 16),

age (Xﬁ) gppears to contribute a large fraction to both stomatal closing
points and 85 resaturation points, with daylength (XQ) being the next

most important. In V, vitis-idaea, ledge form, 853, resaturation point,

daylength is predominant with sge being next in importance.

Table 16, Standard partial repression coefficients (B) and percentagc

contribution of individual factors, V, vitis-idaca, Ben

Iui, ledge and turf Torms

btomatal closing points 85% resaturation points
Vvi 1, Twi Vvi ;; T Vvi ), Lui Vvi t, Tui

B K B b B % 8 7
X1 -0.2041 21.% | 0.0586 1.0 | -0.3316 18.7 0,0545” 5.01~
X2 ~-0,3%208 | 33,5 | ~0,2451 4.1 0.7489 | 42.4 0.2321 21.3
X3 0.4009 | 41.9 | -5.4342 | 0.0 | -0.5131 29.1 ~0.6173 56.8
X4 -0.0%12 5.5 0.282% 4.9 | ~0.,1735% 9.8 |-0,1840 | 16.9

X,l = mean temperature X5 = gge

X2 = mean daylength X, = mean rainfall

Although the grestest drought hardiness appear to occur during the

driest period of the year at 2,250 ft, (765 m) on Ben Lui (Figure 2),

mean rainfall contributes only a very small amcount to variation in 85%
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resaturation values, It is probable thal the excessive rainfall at the
high altitude does nol allow deficits to develop with resulting hardening.
Transpiration rates, both with open and closed stomata, were con-

]

sistently found to be greater in V, vitis-idacs, turl than in the ledge

form (Figure 19).

Large differences are thus evident belween V, vitis-~idaes, ledge

‘

form and V, vitis-idaea, turl form with respect to their water relations,
s P

The higher transpiration and greater drought hardiness, coupled with

significantly smaller plants of V. vitis-idaca turf form (sce Table 1 and

section on site descriptions), indicate greater xeromorphic character-
istics in this form. Since it has been shown that the tur{ habital is

more xeric (sce site description Section), Vaccinium vitis-idaea appears

to have adapted to this habitat both by reduction in size of the phono-
type and also by physiologicel adaptations,

The environuental factors measured do not secm to influence drought
resistance to the same exlent as the frost resistance, though daylength
appears to have the greatest influence, but age eappears to play the largest
part in the regression,

Figures 25 and 26 show the seasonal variatlion in saturated moisture

e

content of the two forms of V, vitis-idaca, expressed as percentage of dry

weilght, Total moisture content and total dry weight have also becn in-
cluded to give some 'indication of how fluctustions in percentage moisture
content may occur,

Percentage moisture content of V, vitis-idaea, ledge form is high in
O 13 o

summer and falls during winter and spring to its lowest point in June,
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before the new growth which hes a very high percentage moisture content
due to very swall dry weights. The fall in percentage moisture content
in new growth is due to dry weipght increasing at a faster rate than the
actusl moisture content, which is also increasing. A similar situation
is observed in the turf form, the large increase in February being due to
an actval rise in moisture content, the dry weight remaining constant.

This indicates that the water absorbing capacity of V., viltis-idaea may be

increased under snow early in winter, Havas (1969) has shown that in

V. mvrtillus, water mayv be taken in by the aerial shoots from snow or rain,
) L] v

Bannister (1970) found that droughl hardiness in the species he studicd
was correlaled with the reciprocal of percoentage moisture content, How -
ever, no significent corwelation is observed in the present study between
percentage moisture content and drought hardiness or stomatal closing points

in either form of V, vitis-idaea,

The differ@nce in size between the 1wo forms is emphasised by the con-
sistent large differences in dry weights throughout the year, Dry welights
in the ledge form are continuing to rise in October, 1969, perhaps a gjgn of
continuing g¢rowth and thus immsturity.

Flgure 27 presents the seasonsl varistion in drought resistance of

V., myrtillus, ledge and turl forms and V, uliginosum, Ben ILui,

?

In general, all samples have high stomatal closing values at the
beginning of the season but low values at the end, It would appear that
38 the leaves age and eventually senesce, stomatal control of transpiration
is vixvtually lost,

In V., myrtillus, ledge form and V, uliginosum, drought hardiness (85
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resaluration points) appcars to increase in July tren decrease again by

September, 1969, However, V, myrtillus, turf form, appears to continue

to harden throughout both seasons 1968 and 1969,

All stomatal closing points are gbove the lethal moisture content

level except in ¥V, myrtillus, ledge form, when in October, 1968,
stomatal closing values were up to 6% RYC lower than the 85t resaturation

points, This means that in October, 1968, V, myrtillus, ledge form, was

very susceptible to droughting., This situation has not occurred in 1969,

V, myrtillus, ledge and turf forms, seem to have similar hardiness
1 3 2 9

early in the season, but as ihe plants become morc mature, the differences
between them become obvious, the ledge form being the more susceptible,

V. uliginosun behaves like V, myrbillus, lecse form,
I Y, ] ]

The seesonal variations in satursted moisturc contcnf of the throc
deciduous semplces on Ben Imi are given in Figure 28,

Percentage moisture contents appear to parallel the stages of growth,
decreasing rapidly as the increase in dry weights is greater than the in-
crease in total moisture contents., Although growlh appesrs to be
continuing in September, 1969, it appears to have stopped by that time
in 1968, The senesci.ys of the leaves is probably responsible for this,

and unfortunately no informetion is available for stems alone,

V., uliginosun appears lo have a higher moisture content than the two

forms of V., myrtillus, The forms of V. vitis-idaea (Figures 25 and ?6)

appear to have a slightly lower moisture content than V, myrtillus,

especially in very young material,
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V, myrtillus from the two lowland sites of Milngevie Moor and

Garelochhead shows little variation in either stomatal closing points

or- 855 resaturation points, Values are shown in Table 17.
Table 17, stomatel closing points and 854 resaturation points

o {dn RWC) of V, myrtillus, Milugavie Moor and

Garelochhead, 1969

Milngavie NMooa: Garelochhead !
. _ _ R
Date Stomatal 85 resaturation Stomatal 85,0 resaturstion
closing point point closging point point
5e 9,69 - - 59.0 40.5
2. 7.69 D25 55.5 42.5 54,0
1. 8,69 54.0 5%.5 47.0 30.5
7.10,69 64,5 30.5 64.0 26.0 }
%.11.69 62.0 0.0 - - i
l
— S

Stomatal closing points are always greater than lethal moisture con-
tents in both samples, Although of a similar drourht hardiness over the
1] t

season, V, myrtillus, Garelochhcad, appears to show poor stomatal control

of transpiration compared with Milngavie Moor. The greater shading in
the former, affecting the growth and development of the plant, is thought
to induce loss of stomatal control,
Figures 29 and 30 show the variation in drought resistance of V, vitis-
ideea, Loch Katrine and Malham Tarn respectively.
Stomatal closing levels are high in winter and low in spring, as in
he forms on Ben Lui. The pattern of stomatal closing in Loch Katrine

wterial is very similar to that of Ben Lui, ledge form (Figure 25),



V. vitis--idaea, Malham Tarn, shows a large drop in Mey which is within

7.5/ RYC of the 8955 resaturation level on the Same date, The young
material of this sample shows very poor stomatal control, the stomatal
closing point being below the 85% resaturation point in July and very
close 1o it in August, ‘aturation, however, causes a large improvement
in stomatal control. Although Loch Kalrine material doces not show low
stomatal values in May, material from lMalham Tarn appears to forgo a degrec
of stomatal control in order to incresse the time of assimilation in the

spYin as in the Ben Iui forms,
s &,

EBighty five percent resaturation points in V, vitis-idace, Loch Katrine,

appear similar to those of V, vitis-idaea, Ben Luil, ledge form}being mnore
irought hardy in winter and spring, with the young material being the most
susceptible, Malham Tarn material shows irregular values of hardincss
though peaks are seen in December and IFebruary,

Multiple regression analyses were carried oult and the results are pre-
sented in Tables 18 and 19,

Table 18 shows that none of the regressions contribute significantly
to veriation in Y, the percentage variation due to regression being very

small in all cases except the 85% resaturation point of V. vibis~idaea,

soch Katrine, Tt is thought that the smsall number of readings is causing
shis non-significance, Apaxrt from this sample it would seem that the
leasured parameters again have little effect on the variation in drought

~

esistance,
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Table 19. Standerd partisl] regression coefficients (B) and percent-

age contrivution of individual faclors

Stomatal closing points 855 resaturalion points
Vvi Kat Vvi Tialm Vvi Kat Vvi Malm
& o B i B % B %%
X 1.6%82 5.2 0.360% 21.% 0,0605 5.5 -0.1213 10,2

X [=1.7542 | 577 | -0.7908 | 46.7 0.6737 | 39.4 0.4%17 | 36.4
X, | 0.7476 ] 16.1 0.4450 | 26.4 | ~0.4651 | 27,3 | -0,1845 | 15.6

X, 1-0.,5118 11.0 | -0.095% 5.6 0, 5087 29.8 0.4485 57.8

X1 = mean ltemperature X5 = age
X? = mean daylength X4 = mean rainfall

Table 19 indicates once again that deylength (XZ) 1s the predominant

factor in all samples, though similar to rainfall (X4) in V, vitis-idoea,
Malham Tarn, 85% resaluration point. Rainfall is the next importent

influence in V. vitis-idaea, Loch Katrine, 8% resaturation point, with

age also being important. Age does notl appear as ilmportent asg in lhe
two Ben Lui forms of V, vitis-idaea. Tempcrature (Kﬁ) appears Lo con-

tribute to regression in V,vitis~idaea, Loch Katrine, stomatal closing

points, It would appear that in contrast with the forms on Ben Lui, the
lower rainfall at Loch Katrine and Malham Tarn allows water deficits to
occur and thus cause an increase in drougbt hardiness.

Discusgion and conclusions

It is obvious from the results, that the importanl conclusions do no
arise from the mulliple regression analysis as in the frost resistance

section, but from cowparisons between different sites and different speel

84,

t

€S,



stometal closing levels than Calluna on wel or moist sites, lle suggested

that Calluna is adapted to drier habitats nol by greater transpirational
conlrol but by an abilily to forgo a degree of stomztal protection fox

the sake of continued assimilation.

In the present study, differences between Vaccinium vitis--idaca,

ledge and turf forms sre attributable to the adaptation of the tuxrf form
to the more xeric habitat. This latter form exhibits greater transpir-
ation, lower stomatal closing points sand greater hardiness, as well as
morphological dilferences such as smaller shoot and leaves, a greatexr
number of stomata per unit area and smaller stomata than the ledge form

(Table 1). Morphological differences belween V, vitis-idaea, ledge form

and V, vitis-idaea, Loch Katrine do not appear to be reflected in their

physiology, stomatal closing points and 85, resaturation points being very
similar, However, rates of water loss do appear to be less in the Loch
Katrine sample. The main differences thus appear to be between the dif-

{ferent morphological forms of V. wvitis-idaeca, the large leafed forms, i.e.

Ben Imi, ledge, Loch Katrine and Malham Tern being similar, with the small
leafed turf form exhibiting a greater xeromorphism, These differences arc

thought to reflect the moisture conditions of the habitat, the turf habitat

3
being the most xeric,

On Ben Luwi, these differences are also seen in V, myrtillus but only

when the plants have become more mature, Young plants exhibit a similar
drougnt resistance,

Of the lowland types, V, myrtillus growing in woodland appears to
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have poorer stomatal control of water loss compared with the sample on
the open moor, perhaps because the former is growing in conditions of
higher, less fluctuating relative humidities and therefore exhibits more
hygrophytic characteristics, Hygen (1953a) has snown thatl the more hygro-
phytic samples appear to have a poor stomalal closing reaction to water
loss.,

Differences between species in the present study appear to be between

the large leafed forms of the xeromovphic species V, vilis-idaes, and the

rest, no distinction being made between V, myrtilius and V, uliginosum.

The best stomatal control is seen in the large leafed xeromorphic group
whereas the stomata of all other samples close at a much lower relative
water content,

Although having litlle significance, the environmental factor mainly

influencing the drought resistance of V, vitis-idaea forms is daylength,

with age also playing a large part. The older the plant, the greater is
its drought hardiness,
Bannister (1970) has found correlations of daylength with the drought

hardiness of Lricsa cinerea and Brica tetralix when the proximity to the

nearest egquinox was used, He found that bhardiness was alt a minimum about
these points, increesing as the days lengthened or shortened, and reaching
peaks around the winter and summer solstices, He found also thet age

played a part in the variation of drought hardiness in the two Erica species.

From the graphs of variation in drought hardiness of V, vitis-idaca,
no eguivalent relationship with the equinoxes appears to exist, It is

thought, however  that the relationship of drought hardiness with the
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environment is complex, and this prohably contributes to the non-significance
of the factors considercd,

V, vitis-idaea and V, myrtillus thus appear to have adapted success-

fully to the different ecological habitats under different moisiure regimes,
It is thought that the moisture factor is not important in their distri-

bution, at least within the range of moisture regimes obscrved.
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(c) The relationship between frost and drought resistance

Frost and drought resistance have often bheen found to be correlsated,
and a review of the literature is given by Levitt (1996),

In an early work, Pisck and Larcher (1954) were able to show that

e e i 8 s et

leaves of dwarf Fricaccous shrubs, exhibited a yearly cycle of drought
resistance, the greatest vesistance being found in winter and the least
in summer, The patlterns they found generally paralleled the ycarly cycle
in frost hardiness of the same species as measured by Ulmer (1957) and
Pisck and Schiessl (1947). Their comparison was one of amplitude rather
than being specific, frost and drought resistance both having maxime in
the winter and minime in the suvamer,

larcher (1965) discusges the problem in evergrecns, and gives a
model which delimits two types -

(a) showing no correlation between frost and drovght hardiness,

and

(b) showing strong correlation betweern {rost and drought

hardiness.

The first type, growing where the occurrence of frost 1s limited to
only three months in winter, exhibits a slight degree 6f frost hardening
in winter and no increase in drought hardiness, This type is very sus-
ceptible to damage caused by ice fovmalion in its tissues (“Eisempfindlich"),
The other type, growing where frosts occur in more than six months of the
year, becomes very frost hardy in winter and shows a general correlation

with drought hardiness, This type is very resistant +to the formation of
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ice in its bissues ("Eisbestindig"). Larcher (196%) concludes, there-
fore, that a correlstion between droughil and frost resistance is thercfore
only to be expected if the frost herdiness is "real" frost hardiness, i.e.
the endurance of ice formation,

Kappen (1964) has siudied the frost, drought and heal resistance of
ferns, and has found that the seasonal curves of frost and drought resist-
ance gencrally run parallel, both having maxima in winter and minima in
summer, although no specific correlations were made,

It is evident from his work with poikilohydric ferns in particular,
that drought resistance has a much broader curve than frost resistance,
greater drought resistance developing earlier in &ﬁtumn, and remeining
high in the spring while the frost-susceptibility increuzsces,

Similar results have been found in the pr,s;nt study, Figure 31

shows the frost and droughl hardiness curves for Vacciniwn vitis-idaea,

Ben Lui, Jedge and turl forms, It is seen that although the irost and
drought maxima are in winter, and minima are in summer, the drought hardi-

ness of both forms of V, vitis-idres has the mach broader curve,

Unlike most of the previous work on this problem, specific pairs of
frost and drought hardiness values have been taken for the period of +this
study and correlation coefficients have been calculated to establish ihe
significance of the correlation between frost and drought hardiness,

As well as ordinary correlation coefficients (r), rank corrcelation

. 2 . .
.coefficients (rs =1~ 624 ) have also been calculated (see Snedecor and
2
n{n“-1)

Cochran 1967, p.193), This latter calculation does not tzke the

nmagnitude of the changes into account, but emphasises the dircction of
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these changes. The results for four forms of V, vitis-idees are pre-

sented in Table 20,

Table 20, Ordinary correlation coefficients () snd renk correlslion

coefficients (r ) between t5o>va1ues and 85 resaturation points
el

Species T r

1
3]

Vyi 1. Iui.| + 0.5000 | + 0.4909

Vvi t, Jwi| + 0.0860 | + 0,263%6

vi Katb - 0,0833 | + 0,0699
Vvi Malm #0.1083 | + 0,1000 |

(all values are non-significant)

Vvi 1, Imi = Vaccinium vitis-idaea, Ben Lui, ledge form,

Vvi t, Tui =V, vitis-idace, Ben Lui, turl form.

Vvi Kat = V, vitlis-idaca, Loch Katrine,
Vvi Malm = V, vitis-idaca,6 Malham Tarn.

No significant correlation is obscrved, although the rank correlaiion

has slightly dimproved the value for V, vitis-idaea, Ben Lui, turl form and

caused V, vitis-idaea, Loch Katrine to become positive,

An cexplanation for the non-significant correlstions wes sought first
by examining lavcher's (1963%) two types of evergreen. However, V, vitis-
idaca appears to it into the "Eisbestandig" type, which does show a generel
correlation,

The more likely explanation is seen by examingplion of Figure 31 where
it is evident that the increase of drought hardiness in agutumn is wore

marked than the increase in frost hardiness, and more particularly in the



spring the frost susceptibility increases while the drought herdiness
remains high, This appears to indicate a differential response of frost
and drought hardiness to the environment, This is substantiatled by the
fact that the environmental factors studied have bheen found to contribute
significantly to the frost hardiness of most specics (see frost resistance
seotion), vhereas no significant contributions have been found towards
drought hardiness (see drought resistance section),

From the evidence presented in this sludy it is not possible to ex-
plein the differential response to the environment, and particularly to
explain why frost susceptibility increases in the spring while drought
hardiness remains high, Reasons for this would be purely speculative,

It is obvious, therefore, that a complex situation existé when con-
sidering the relationship between frost and drought hardiness, and much
more detailed and thorough work is needed to clarify the situation,

However, K previous evidence has pointed strongly in favour of a positive
correlation between frost and drought hardiness, and the present study has

found that, in general, the frost and drought hardiness of V., vitis-idaeca
) =] ’

also show a positive correlation, although no statistical significance can

be attached to the results,



PART 11T - GROWIH CABINLET STUDIF“

(a) Introduction

It is well established by controlled environment studies that

frost herdiness is induced by factors that reduce plant growilh,
spocially temperatures near or below 0°C and short photoncriods

(e.g. MeGuire and Mlint, 1962; Kohn and Levitt, 1965; Li et al.,
19663 Huystes et a 1967; Trving and Lanphear, 1967a, b; Tumanov,
19673 Steponkus and Lanphear, 1968, van den Driessche, 1969).

It has been indicated that early development in frost harvdiness
is partly due to the onset of dormancy (i.e, the inability to produce
normal growth even under favourable conditions) in the woody plant in
late summer and early autumn (o.g= Chandler, 1954). Because of this
close association between the onset of dormancy and development of frost
hardiness, there evolved an hypothesis that dormancy was nccessery for
the development of frost hardiness (e,b, Chandler, 1954; van der Veen
and Mepr, 1959). Irving and Lanpheaxr (1967&) have shown, however,

that the increase of frost hardiness in Acer nepundo and Viburnum plicatvm

fomentosum can be induced under controlled conditions, with long days and

certain low temperatures, without the prerequisite of dormancy. Increas-

’
ing duration of exposure to short days Tollowed by a low tempoerature
hardening perijod in darkness, brought aboul a progressive increase in

hardiness. They found that the short day stimulus could be reversed by

long days. Thus they have shown that development of hardiness is a



photoperiod response, HMeCuire and Flint (1962), lluystee ct al. (1967)
and vaen den Driessche (1969) have all shown thet photoperiod has a
merked effect on the frost hardening of plants, van den Driessche
(1969) has concluded that the faclors important in development of frost
hardiness in Douglas-fir secdlings are daylength, nighttemperature and
light intensity,

On the other hand, the dormant condition sppears to be jmportan% in
maintaining frost hardiness. Irving and Lanphear (1967c¢c) have shown
that the dormant condition helped to maintain the.hardy condilions of
Acer and Viburnum when the plants were cxposed to 7091, Application of
dormin to non-dormant plants also prevented dehardening during warm
temperatlure exposure, van den Driessche (1969) has concluded that
photoperiod has no influence on loss of hardiness in Douglas-fir  tcrper-
ature being the only factor effective in causing dehavdening. Linking
this latter conclusion with that of Irving and lanphear (19670), it wovld
seem that plents will deharden only if in the non-dormant statle, and that
this loss of hardincss is often inlluenced by temperature,

In the present study, two experiments under controlled conditions have
been carried outs:

(1) to determine the relative cffects of temperature end photo-
period on bud-break and subsequent growth of the three
Vaccinium species in theilr winter condition,

(2) to determine tle relative effect of temperaturc and photo-
period on the development of frost hardiness in the three

Vaccinium species in 1lheir summer condition,
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(b) Faterials

Bud-break and growth exneriment

Material was collected in November, 1967 and potted. Vaccinium
myrtillus was oblained from Milngavie Moor [26/55%16%, %50 ft. (106 m)]
and Uplawmoor [?6/4395579 415 t, (144 m)]5 a woodland habitat. V., vitis-

idaes was obtained from Loch Katrine [27/496075, 450 £t. (15% m)] and

V. vliginosum was collected from Ben Arthur, Argyllshire [27/265062,

2,%00 £t, (762 m)] and Beinn Nernain, Argyllshire |27/267066, 2,300 i,
(162 m) ].

Frost hardening experiment

V., myrtillus and V, vilis-idaes, ledge lforms, were collectled in

April, 1969 from Beinn an Lochainn, Argyllshire [27/222075, 1,600 rt,

(486 m)J and placed in wooden boxcs, Pots of V. uliginusvm were used

from the previous collection.

(¢) Methods

(i) Crowth Cabinets

Five growth cnvironment cabinets have been used for Experiment T
and three cabinets for Experiment II,

The growth cabinets consist of two types:i-—
(1) This type is divided into two separate compartments in which day-
length can be altered independently while meintaining the same temper-
ature conditions throughout the whole cabinet, Temperature fluctu-
ations of £1°C were recorded at the temperatures vsed. The interior

walls of this cabinel are lined with metaliscd Velinex and only slight
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fluctualions in Llight internsity can be recorded in & horizonlal plane,
The plant trays are fixed 4 ft. 6 ins, below the lamps which consist of
5 ft. long, 65W fluorcscent tubes'B inches apart, alternating one white
or daylighl tube and one warm white tube, Supplementary illumination
is obtained from 1lwo 5 ft., 654 fluorescent tubes,

This type of cabinktt was built in Glasgow and is situated at Garscube
Research laboratory.
(2) The second type, buill by Saxton (Sax-Air) Limited, was vused only
in Experiment T, It consists of a single growing cabinet and hau the
facility of ellowing selection of different day and night temperatures,
Temperaturé control of +19C was recorded throughoul the experiment, No
supplementary light lor extending daylength with low inlensity light do
possible, IMlumination is supplied by a double bank of fluorcscent tubes
and the intensity of light is higher than in the other type of cabinet,
Although the walls are lined with metaliscd Melinex, light intensity is
found to be highest in the centre of the cabinets,

Hempton (1967) has described these cabinets in more detail, the ones
used 1in the present study being equivalent to his B and D types,.
(ii) Layout

I, The influence of temperature and photoperiod on bud-break and
subseguent growth,

Four pots from the frame outdoors, each of Veccimium myrbtillus,

V., vitis-idaea and V, uliginosum were placed at random in each of the

five following treatments on 29th January, 1969,
A s 800, 8 hr, daylength, light intensity 100 t. candles (1,076 1ux),

Cabinel type 2,



B : 5°C, 12 hr, daylength, light intensity 1,000'1’1;. candles (10,760
1ux), Cabinel type 1.

¢ : 5°C, 18 hr, deylength, light intensity 1,000 f't. candles (10,760
lux), Cabinet type 1.

D

ae

2OOC, & hr, daylength, light intensity 1,000 f't. candles (10,760

lux), Cabinet type 1.

I 2000, 16 hr, daylength, light intensity 1,500 £, candles (165140
lux) Cabinet type 2,

Light inlensity was measured at plani height in the centre of the
cabinet with an EBEL photormeter,

Regular measurements werce made of the bud-break, elongalion of new
shoots and the rumber of expanded new leaves, Bud-break is expressed as
percentage of the tolal number of buds on the previous year's growth,
shoot elongation is expressed as a percentage of the total previous shoot
length and the number of rewly expanded leaves is expressed as a percentl-
age of the final nunber of leaves, ALYl treatments were watered regulaxrly
throughout the experiment, treatments D and B requiring more walering than
A, B and C,

II, TInfluence of temperature and photoperiod on the development
of frost hardiness,

One box from the frame outdoors each of V, myrtillus and V, vitis-

idaea, and three pots of V, uliginosum were placed at random in each of

the following treatments on 24th June, 1969, All plants were mature by
this time,
I ¢ Controls in the frame were subject to natural temperatures and day-

lengths over the experiments) period (see Tgures 3 and 5),
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1T 1806, 6 hours daylength + 2 hours supplementery light, light
intensity 1,000 ft. candles (10,760 lux) and 100 %, candles
(1,076 lux) respectively.

ITT 500, 8 hours cdaylength + 2 four-hour supplementary light periods

L]

before and after full light period, light intensity as in TII,

v SOC, 6 hours daylength + 2 hours supplementary light, light
intensity 700 £t, candles (7,5%2 lux) and 40 4. candles (4%0 lux)
respeclively,

Measurements of frost hardiness in V., myrtillus and V, vitis-idaca

wvere taken at regular intervals and at the end of the experiment, the
number of green leaves, nunber of yellow lcaves still on plant, and the

number of leaves dropped were measured for V. myrtillus and V, uliginosum

as this gives some indication of the onset of dormancy, No frost hardi~

ness measurements were taken of V, uvliginosum since insufficient material

was available,
(d) Results

Bud-break and gvowth experiment

Vaccinium uliginosum

Bud-break at each treatment is given in Figure 3%2. Ilach poinl on
the graph represents the mean of four values, except for trealment A in
which the mean is of two values,

In treatments A, B and C the first appearance of bud-~break after
14-17 days compares with 7 days for treatments D and &, No difference
is seen by inspectltion within these two groups which correspond to low and

high temperatures respectively. There is a significant difference hetween
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the times of bud-break for these two groups, t = 7.19"%" (p<0.001).

The maximun final bud-break appcars to be in treatment D, although
those in K, after remaining static for 10 days appear to continue to
break bud after {this period,.

The new shoot length for V, uliginosum is given in Figure 3%3%. The

time lapsce between the two groups at different temperatures, mecasured by
the time to measurable shoot growth, has increased to 30 days. There
appears to be a small difference in rate of shoot growth in treatments

D and B, with the greatest{ ratc in E,.but the maximum length being
reached more quickly in the latter treatment. In the group at the lower
temperature, the shoots in C appear to have the greatest rate of growth,
and those in B and A being similar to begin with but shools in B increas-
ing over A after 60 days, The final growth values of new shoots in A B
and C have been compared by analysis of variance and resulis gre presented
in Table 21, and the least significant difference between the means has
been calculated. I 9.581% indicates a significant differcnce at the
5%[ level of significance (p<:0,0B). Two degrees of.freedom have hecen
lost firom the total of 11 because only two replicates were used in A, thus
making necessary an estimate of the other two, The main difference bhe~
tween means appears to be between treatments A and C, other differences
being non-signilicant, This non~significance is probably partly due to

the very small number of degrees of frecdom,
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» Feolooical aspects of the resistance of plants

to enviroawental factors

Summary of Ph.D., Thesis presented to Glasgow University by A, Polwart, B.Sc

This study involved an investigation of the seasonal variation in fros
and drought resislance of three Vaccinium species with the aim of determini

the 1nflucnce of environmental faclors on the local and geographical distrid
bution of the species,

The sludy involved

A, TMonthly samples brought into the laborutory from the field for the det
mination of -

(1) frost resistance by subjeetion to a scries of f{reezing treatments
and the establishmeni of a 50 killing point.

(i) drougpt registance by subjection to various drought siresses and
the eegtablishment of (2) stomatal closure points, (b) their abilit

to recover from a ceriain vwater deficit,

B, Limited growth cabinet studies have been used to investigate the inlluec
of temperature and daylength on the plants,

C, The relative contribution of temperature, daylength end rainiall to The
seasonal variation in the frost and drought resistance of the three
deCiOS of Vaccinium has been assessced by the use of multiple regressic
analyses

From the resulis the following conclusions have been reached,

1. Daylength is the most dmportant environmental factor influencing the
seasonal veriation in frost and drought hardiness of the Vaccinium spe
with 1he exception of the frost hardiness of the strictly dlplue EQWE}
osum which is predominantly influenced by temperaturc,

2, Vaccinium myrtillus is thought to have o longer growing season at morc
southern latitudes because of the longor winter daylengths cousing eox:
dehardening and preventing full frost hardening, This is supporied b
measurencnt of bud-break and meesurement of induction of frost hardines
under controlled environmentel conditions. This species thus may be 1
susceplible to early or late frosils at more southern latitudes.

W
© e

Upper altitudinal limits of V, wyrtillus and V, vilis-idaea are though
to be controlled by low levels of frost hardiness in winter caused by
immaturity due to the short growing season at the higher altitudes,

. plants are thus susceptible to frosl damage at ceriain times of the yes

S and it is thought that the insuletion of sniow cover plays an important

role in their survival zt higher eltitude

f
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V, uliginosum develops a large degree of hardiness in winter and appeax
to be well adapted to the short season at high altitudes, However, it
appears to grow only on moist rock ledges above 2,000 £t, (608 m) on Be
Imi, Argyll, because it may not be able to compete for waler in the mor
xeric turf habitat, :

Low rainfall appears to induce an increase in frost hardiness in lowlan
species of V, myrtillus and ¥V, vitis-idaca, but has little effcct on th
drought hardiness, No effect is secn at higher altitudes because of
excessive rainfall,

V. myrtillus and V, vitis-idaea appsar to have adepted to the more xeri

turf habitat both morphologically and physiologically., The smaller
turd forms exhibit higher transpiration rates, lower relative water con
tents at stomatal closure and a greater drought hardiness,

Frost and drought hardiness of V, vitis-idaes both have maxima in winte
and miningz in summer, However no correlation is found when specific
values are taken because droveht hardiness appears to develop carlier i
avntunm than {rost hardiness, and remains high in spring while the sus-
ceptibility to frost increases,




Table 21, Analysis of varisnce between final growth values in

treatments A, B and C - Vacciniwa ulisginosun

Source of Degrees of Sum of Iean Variance ©
Variation Freedom squarcs Sguare Ratio
Replicates 3 1214.58 404,79 1.409
Treatments | 2 550%.57 2751.79 9.581"
Residual 4 1148.87 287.22
Total 9 (11-2) 7866 .82
Tres tment A B C Lca;ﬁnglgnlflcant
difference
Meen 6%.09 91.07 119,51 55.07
N - -

The number of expanded lcaves in V, uliginosum is shown in

Figure %4, Treatment A has been omitted since the maximum number of
expanded leaves had not been atltained in the duration of the experiment,

The graphs show a rellection of thosce in Figuve 3%, with little difference

b
between D and B and the lag in response at treatment B compared with
treatment C. This figure will not be repcated for the other two species
of Veccinium since, apart from adding little to the information already
givert by the other two measurements, the shoots at trestments A, B and C,
i.e. the low tempexature, have nol matured in the duration of the

experiment and their leaves are not fully expanded,

Vacoinium myntillius

Bod~breuk at each treatment is given in Figure 75. The two temper-
.
aiurg‘groups arc not so obvious by inspection in this spocies, so an

. R . . K R . > A S P T - €L . . - g L ey
analysis of variance was carvicd oub betweorn the time to first appecrence
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of bud-break in treatments A to K, Results are given in Table 22, A
very highly significant difference is shown by F = 100,97"*F (1< 0,001)
and the lecast significant difference between the means is 4.93% days.

Table 22, Analysis of varisnce between time to apvesrance of bud-

break in treatments A to B ~ V, myrtillus

‘ _ — s
Source of Degrees of Sum of Mean Variance(ﬂ)
Variation 'reedom Squares sguare Ratio

Replicates ? 52.95 17.65 1.72

Treatments 4 4098.75 1024,69 100,977

Residual 12 122,85 10,237

Total 19 42'14.59

Treatment A B C D ! E Lea%F.ilgnlflcant

difference
!
Mean (days) 47.2% | 26,00 20,50 |10.00 i 7.00 4.9%

Significant differences are scen between the means of the high
temperature treatments (D and E) and the mosns of the low tempersiure
treatments (Ai B and C), The means of A, B and C also differ signifi-
cantly from each other, This indicates significance between the two
different temperature groups, and also significance betwecen different
light regimes at the low temperature,

The difference between lhe two temperature groups is very evident
in Figure 36, The rate of shoot growth in K is much greater than that
in D, Although the shoots in C appear to have the same rale of growth
as in B, the length at any particular time is greater in C because of

the earlier bud-break at that treatment, shoots in A show very little

growth at all,



-
9 FuF

ooow o e

SAD @ ToDob,

8,308

»omJ.do

e

(o)

M AO R



TUT,

Photograph taken alter 21 days shows new growth in D and E, but

none in A - ¢ (Plate 11).

Vacceinium vitis-idaea

It was not possible to obtain bud-break information in this spccies

since quite often only terminal buds broke and the number of terminal

buds was often very small (less then 4). It was possible, however, to

obtain the time to first appearance of bud-break at each treatment, and

an analysis of variance has been carried out. One replicate was missing

from treatwent B, making an estimate necessary, thus losing one degrece of

freedom, Results are given in Table 23, B o= 64.460"F (p <0,001) is

very highly significent, end the least significant difference between

means is 5,85, As with V., myrtillus, signilicant differences are seen

between low-(A, B end ¢) and high (D and 1) temperature regimes, and glso
between means of different light regimes at the low temperaturc level.,

Table 23, Anslysis of variance bhetween time to appearsuce of bud-

New shootl length is presented in Figure 37.

Bach point is

the

brezak in treaiments A 1o I - Vaccinium vitis-idaea
Source of Degrecs of Sum  of lean Variance ()
Variation Frecdom sguares sauare Hatio -
Replicates % 12.55 4,186 0,305
Trostments 4 3544 .00 886,00 64 . 4607 %
Residual " 151.20 15.745
Total 18 (19-1) 3707.75
Prestment A B c D 1 Leas? gxgnlflcant
difference
Mean 42,0 | 35,0 | 28,0 9.5 9.2 5.85
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mean of two wvalues, The difference between the two tlempersivre groups

is evident and, as in Vaccinium uliginosum, differcnces in shoot length

in A, Band C are small to begin with, but are very large at the end of
the experiment. Also shoot length in I is greatcr then D at the end of
. the experiment but is the same al the begimnming,

Photograph taken after 21 days shows new green leaves (light green)
in D and ¥ but no new leaves in A& - C (Plate 12),

Discussion

It would appear from the results thet the two factors, temperature
and daylength, influence bud-bresk in differcnt ways, In V., uliginosun,

temperature alone appears to be the factor influencing bud-break, but in

V. myrtillus and V, vitis-idaca, both temperature and daylength appear

to be opersating. Although significant differences in the time to bud-
break are obscrved in the latter species between different temperature
groups, increasing daylength appears to have a significant effect in
promoting bud-break at the lower temperature, This effectl is not
cbserved al the high temperaturc trestments,

The signilicant difference in shoot length of all three species at
the end of the experiment between treatments A, B and C is thought to be
a nutritional eflect, As tihe daylength increascs, the lenglh of time
at which photosynthesis operates also increases, More photosynthetic
products are available with the longer photloperiods and thus growth is
enhanced (c.g. treatment C), whereas growith is retarded by lack of pro-
ducts at short photoperiods (e.g. trealment A). The greatest differ-

ence in treatments A5 B and C due to this effect is seen with the ever~
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groen V, vitis-idaea (IMagure 37) which also, at lhe higher tempersture,

has a greater shool length in B than in D at the end of the experiment.

Anthocyanins were produced in the longer daylength under low tem-
peratures but no anthocyanin was observed in the leaves atl short days
(treatment A).

There is soue evidence to suggest that in treatments A, B and C

1)

ment (Figure 53), as the graphs have levelled off near lhe end of the

period., In V, myrtilius end V, vitis-idaca, however, plants at the end

of the experiment in treatments A - C are still continuing to grow,
indicating that they have not reached maturity (Figures %6 and %7). Thig,
to some extent, substantiates the suggestion made in the frost resist-
ance discussion that short seasons due to low teunperstuvres at high alti-

tude cause the failure of V, myrtillus and V, vitis-idaeca to mature pro-~

perly, wheweas V, uliginosum is able to mature fully.

I'rost havdening experiment

Table 24 presents the frost-hardiness of V, myrtillus and V, vitis-

idaea at cach of the four treatments alter (62 days,

Table 24, IFrost hardiness (t OC) of Vaccinium myrlillus and

504 S

V, vitis-idaen after treatment

Tregtment V, myrtillus V., vitis-idaca
I (cold frame) -9,8 -6.5
11 (18°¢, 6 + 2 hrs light) ~9.4 -9.8
17T (5°C, € + 2 x 4 hrs light) -11.9 ~11,9
v (506, 6 + 2 hrs light) ~1%,6 11,3

Least significant difference 1.3% 0.9%
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It appears that the grestest frost hardiness in both species has
developed in treatments 111 and IV at SOC, little difference between

the latter two being shown by V, vitis-idaes but V, myrtillus being

more hardy at short days and low temperatures in TV, After these treat-

ments, V, vitis-idoea {rom Lreatméent IV was placed for three weeks in the
b

dark at SOC. Hardiness of ~15,1OC was induced by this means,

An snalysis of varisnce (see Appendix %) between the treatmenﬂs
was carried oul for both species and results are presented in Tables 25
and 26, The loss of two degrees of freedom repfesents the ecslimate of

two missing values in Table 25,

Table 25, Analysis of variance betweon,tBO values - V, myrtillus
gou?cg'of Degrees of %um gf‘ oﬂegn Var%?nce(F>
ariation Freedom oquares wguare | Ratio o
Replicates 1 5.08 5.08 0,69
Freezing (1) 5 214%%.40 4286 .68 586, 57%%%
Treatment (1) 3 1289, %6 429,79 58, 81%#
FxT 15 154%.99 102.9% 14, 08%%%
Residual 21 155.47 1.31
Total 45 (47-2) | 24425.32

Least significant difference = 5,65 unils of freezing index (I)

i1

1.300 at the 50% level of I

123}



Table 26, Analysis of wvarisnce belween t.. values - V, vitis-idaes

50

Source ol Degrees of | Sum  of Mean Variance(F)

Variation Frecdom Squares Sguare Ratio
Replicates 1 43,15 4%.15 2.75%
Freezing (F) 5 49888.05 | 9977.61 | 651.29**%
Treatment (1) 3 1427 .65 475.68 30, 14 %1%
Fox T 15 5022.49 3%4 .83 21,18%%F
Residual 2% %6%.,51 15,81
Total 47 56744 .85

il

Least significant difference = 8,19 units ol freezing index (I)

0.9°C at the 507 level of I.

it

From the analyses, il is seen that the freezing x treatment inter-

aclion is very highly significant in both V, myrtillus and V, vitis-ideoa,
This indicates that tho reaction of the 1issues to freezing level signifi-
cantly varies with treatment, showing that variation between tSO values
determined at each treatment also is very highly significant (see
Appendix 3), The least significant difference between any pair of
freezing x treatment interaction means has been calculated for each
species (see Appendix 5), expressed in °C and is presented in Table 24.
From this table, it is seen that in both species, frost hardiness in

treatments T and II, at high temperatures, differs significantly from

hardiness in treatments III and IV at low temperatures. In V., nyrvillus,

significent differences in hardiness between light regimes 1s observed at

the low temperature only, wherezs in V, vitis-idaes significant differ-

ences are seen only at the high temperatures,
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This indicates that foxr V, myriillus, long daylengths at low

temperatures have not prevented hardening taking place, but this harden-
ing is not as greal as in short days and low temperatures, Shorl day-

lengths at high temperatures have no influence on hardening in V, myrtillus

compared with the control in the cold frame,

However, in V, vitis-idaeca,a significent increase in hardiness is

observed at high temperatures due to short days, but no difference is
observed at low temperatures bhelween long and short daylenglhs,

Table 27 gives the leafl status in V, myrtillus and V. uliginosum at

the end of the experiment, Leaves are expressed as poercenlege of totel
counted,

Table 27, Btate of leaves on shoots of V, myrtillus and V, uligzinosun

after treatment

V., myrtillus V, uliginosua
Treatment groeen myello@mﬁgallégﬁ grgén yellow Af&iiggf
(cold frame) 100 0 0 100 0 0
(18°Cc, 6 + 2 hrs light) 100 0 0 100 0 0
(5°C, 8 + 2 x 4 hrs light) 8.9 | 54.4 | 36.7 32.%5 | 67.7 0
(5°C, 6 + 2 hrs light) 25,7 | 13.6 60.7 0.81 96.0 3.2

Plates 1% and 14 show the condition of V, myrtillus and V, uliginosun

after treatment (62 days), Pots A, B, C and D are equivalent to trest-

ments T, IT, TIT and IV respectively.
It is scen from both Table 27 and Plates 15 and 14 thal yellow leaves
on the plants and fallen leaves only developed in both species at those

trestments with low temperatures, the grestest number fallen occurring
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in treatment IV under short days. It is also noted that {the leaves

fall more readily from V, myrtillus than they do from V, uliginosum,

Discussion

e s S st

From the results, the varying influences of {emperature snd day-

length are seen. In general for both V. myrtillus and V, vitis-idaea

low temperatures induce hardening. Long days prevent this to a certain

extent (in V, myrtillus) whereas short days at high temperatures also

induce hardening to a certain extent, (in v, vitis-ideaes.).

Since yellowing of leaves and abscission indicatle the onset ofl
dormancy, it is interesting to see that the greatest frost hardiness in

V, myrtillus coincides with the greatest abscission of leaves,6 an indi-

cation perhaps of the relationship between the onset of dormancy and ihe

development of frost hardiness,

(e) General Discussion

The {irst experiment has shown that bud-bresk in V, uliginosvm is

entirely influenced by temperatvre, whereas in V, myrtillus and V, vitis-

idaea, photoperiod is operative at low temperatures. Photoperiod alt low
temperatures also has a significant effeect on the subsequent growth of all
three species,

The frost hardening experiment has shown that short days at 18%¢

induced hardening in V. vitis-idaea but not to the same extent as short

days at 500. Long days at BOC prevented {full hardening from developing

in V, myrtillus compared with short days at 500. The symptons of the

onset of dormancy in V, myrtillus and V, uvliginosum occurred at the low
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temperature treatments only.

The greater length of gréwing season at lower latitudes, with
longer daylengths before the Vernal IFguinox and despite the similarity
of mean temperatures with more northern latitudes, (see frost resist-
ance section) is supported hy the growth cabinet studies in which -

(a) longer daylengths promote earlier bud-~break in V, myrtillus

at the same low temperature, and
(b) longer daylengths prevent hardening {rom fully developing

in V, myrtillus,

The suggestion that short seasons causce immaturity in V. myrtillus

and V, vitis-idsea on Ben Iui (see frost resistance scclion) is also

supported by growth cabinet studies in which after 85 days, these two

species are continuing to grow at low temperatures, whereas V, uliginosum

has stopped growing.



PART TV - GEEIRAL DIGCUSSTION ARD CONCLUBTOLS

Schimper (1898, Inglish translation 1903%) pointed out that the
ecology of plant distribution would in the future lean heavily on
experimental physiology, and this approach has been laken up by many
vorkers, some of whom arc referred to in previous sections,

The present study of the {rost and drought resistonce of three
Vaccinium species has revealed relalionships between several aspecis of
their distribution and ilheir response to environmental factlors, These
conclusions have been fully discussed in previous seclions and are now
listed below.

(1) The most importert environméntal factor influencing the frost
hardiness of the Veceinium species has been found to be daylength

(?) V, myrtillus is thought to have a longer growing season al more

southern latitudes becavse of daylength (see frost resistance
section and Figurc 18), This is supported by
A . . . .
(5) growth cabincet studics, in which although temperature had s

significart effect on bud~breck in V., myrtillus and V, vitis-

. . O, . .
idaea, the longer photoperiods at 5°C induced carlier bud-break,
arnd
. - . . . o}
(4) growth cubinet studies, in which long photoperiods at 5°C re-

tarded the developument of frost herdiness in V., myrtillus,

(5) Growih cabinet studies have shown that the rate of growth after
. e G et PN . 0 -0, o
bud-bresk is faster at 200 than at 5 C. At 57C, the final

growth of all three Vacciniunm species was greatest at the

10

-

Q



(6)

(73

(8)

(9)

(10}

(11)

110.

longest photoperiod, Fhotoperiod is thought to have a
nutritional effect,

Daylength, although not statistically significant, has also
been found to be the predominant environmental factor in-

flucencing the variation in drovght resistance of V, vitis-idaea,

but it is thought that this relationship between photoperiod
and droﬁght resistance is complex, Drought resistance is also
affected by age.

Temperature has been found predominant in influencing the

seasonal frost hardiness of V. uliginosum, which hardens to a

. .0 . . o]
maximam of ~3%3%3°C compared with a maximum of -157C foxr the other

two Vaccinium speciles on Ben Twi,
Growth cabinet studies have also shown that bud-break in

V. uliginosum is influenced by temperailure alone.

Temperature has also been found to predominantly influcnce the

seasonal variation in frost hardiness of V. myrtillus f{rom

Garelochhead., This is thought due to some effect of shading

on the growth and development of the plant. This explanation
is also thought resporsible for

the poor stomatsl control shown by this species (drought resist-
ance section), comparcd with the open site at Milngavie loor,
Rainfall has been found to be a factor significantly influencing

the frost hardiness of V, myrtillus, Milngavie loor, and

V., myrtillus and V, vitis-idaca, Loch Katrine, It also exten-

s

sively contributes Lo drouvught resistance in V. vitis-idoes
s ] ]




(13)

(14)

(15)

(16)

(17)

Malham Tarn and Loch Katrine, Low rainfall in all cases
induced an increase in hardiness,
It was found, that the maximum frest hardiness developed in

V, myrtillus end V, vitis-idaea at 2,250 {4, (765 m) on Ben

Ini was less by about 500 than the hardiness developed in
the same species at low altitudes. It is thought that there

is an inefficient response to hardening stimuli, because of

imoaturity due to the shorit growing season at the higher alti-
tudes (sce frost resislance section and Plate 10), This idea

is supported by

growth cabinet studies, in which growth of V, myrtillus and

e _— ., o
V, vitis-idaeg was continuing asfter 85 days at 5°C, whereas

V., uliginosum had stopped growing.

Because of (12), snow cover is thought essential for survival

of V., myrtillus and V., vitis-idaes at high altitudes. Frost
. i £

ardiness of V, vitisuidaoa, Ben Lui, turf form, vnder SNOW

has been found to be less than minimum air temperature in
spring 1969 (Figure 11).

. 0 . . . : Chs s
Short days at 18°C have induced hardening in V. vitis-~idaca

(growth cabinet studies),
The greatest hardiness induced in the growth cabinet studies

- O . A . t -0 )
was ~15,1°C in V, vitis-idaea, kept at 5 °C and short days for

. , . . 0
nine weeks with a further three weeks in the dark at 5°C,

V, vitis-idaea, Ben Lui, turl form, apart from exhibitine xero-
y b ’ I fUl

morphic characteristics (Table 1), also exhibits a higher trans-

piralion rate, lower relative water contents at stomatal closure




(18)

(19)

.(20)

(21)

and a greater drought hardiness than ¥V, vitis-idaea, Ben Lui,

ledge form, V, vitis-idaca has thus adapted to the more

xeric turf habitat, both by reduction of the phenotype and
also by physiological adaptations,

V. myrtillus, Ben lui, turf form, also exhibiting xeromorphic

characteristics, only differs physiologically from the ledge

form when planls are more matlure.

V, uliginosun exhibits a similar physiological behaviour to

the large-leafed V, myrtillus,

It has been possible to distinguish between the more xero-

morphic species, V, vitis-idaca, and the mesomorphic oxr hygro-

morphic species of V, myrtillus and V., uliginosun,

V., vilis~idaca Torms forgo a degree of stomatal closure in the
[ ]

spring which effectively lengthens the period of assimilation
by allowing gascous exchange to take place over a wide range of
water deficits,

In general, the periods of maximum frost and drought hardiness

of V. vitis~idees correspond well, the greater hardiness of both
1 s bl

beinz in winter (cf. Pisek and lLarcher, 1954), However, the
situation appears to be more complex when specific individual

values are considered, and therefore no significant correlation

is observed, It thus appears thet frost and drought hardiness

of" V, vitis-idaea show a differcntial reuponse to changes in

ertvironmental faclocrs,

Metcalfe (1950) and Burges (1951) both have suggested that snow-

I v g



cover is essential for survival of V, myriillus in the Cairngorm massifl

and it competes less successfully with Calluna at the lower limit of
snow protection [about 5,125 f't, (950m)] ('Burgges5 1951). In Scandinavia,
snow cover is thoughti to determine the altitudinal limit of both V, vitis-

idaea and V, myrtillus, (see Ritchie, 1955; 1956)9 {rost damage to un-

covered plants being the limiting factor, Although it has been suggested
that frost-drought damege is responsible for limitations (e.g. Nichaélis,
19245 fTranquillini, 1967; lavas, 1969)9 the present. study has substan-
tisnted the suzgestion of Metcalfe (1950) and Scandinavian workers (sco
Ritchie, 1956) that damage could be due to Trost,

Al though frost harvdiness Jevels in V, mvrtillus and V., vitis-idecs
(o) .

al high altitude [2,?50 t. (765 m)] on Ben lui remained greater than the
minimwa air temperatures, levels were less than minimam air temperalures

on four occasions [see (14) abovo]. It is provable, also, that minimum

temperatures at ground level are lower than minimum air temperatures, due
1-5 hours), No damage was

to a micro-climate effect (sec Figure 1,

observed in this turf form of V, vitis-idaea becausc of the protection

of snow cover, It is thought that although maximum frost hardiness in
high altitude forms is not as greal as lowland forms, this in itselfl does
not cause limitations to the species at the altitude studied, but egince
daylength has such a marked effect on variation in frost hardiness, de-
hardening caused by longer daylengths will begin from a lower level of
frost hardiness, Thus in late spring, before the new growth sets in,
then frosts are still common, the plants will be susceptible to damage,

especially if not covered by snow, Altitudinel limits gre thus thought



114.

to be sel by frost damsge in the spring, occurring in V, myrtillus

and V, vitis-idaca not covered by snow, V, vitis-idaea appecars to lose

hardiness earlier than V, myrtillus (Figures 10 and 11) and wey be more

susceptible for a longer period, Maximum Jevels of havdiness reached
at higher altitudes are unlikely to differ greatly from thoseatiained in
the study area [2,250 £t. (765 m)], and may elso be the cause of altitudinsl
limitations in areas of 1little or no snow cover,

The greater length of growing season, and the longer winter daylength
(cansing an earlier dehardening) at more southern latitudes [sce (2)-(4)

above ] mean that V, wvrlillus will be potentially more susceptible to early

end late frosts, end this may cause altitudinal limits 1o its distribution,
especially by the possible frost damage to new growth in the spring, Tio
latitudiral limits to its distribution, however, are thought due to this
factor. No evidence hes been found to explain the southern Llimit of

V, vitis-idaea, The possibility of an altitudinal limit by damage to

young growth as meniioned above is supported by Zobel (1969) who found that

Pimus pangens appeared to be limited altitudinally by low temperature injury

to new growth,

Although YV, uliginosum is at its most southern limit in Britein, it
does not appear to have loat ite capacity to harden against frost demsge.

As mentioned in the frosl resistance section, V, myrtillus and V, vitis-

idaca generally appear to have a meximum frost hardiness which is much less
than hardy arctic-alpine plants, It would seem, therefore, thet capucily
to frost barden is geneticelly determined, though woodiness may have a

] (=] of

small effect - V, uliginosuwn being woodier than the other two species,
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Tt is not known vhat causcs lhe latitudinal or altitudinal limit of

V. vliginosum in Britain,

Ritchie (1955) sugsgests that V. vitis-idgea shows some preference for

LA

well-drained slopes, and from the present study this may be due to the
fact that this species is xeromorphic in character and thus betler adapted
to drier habitats, especially the turl form which exhibits grcater xero-
morphic characteristics [sce (17) abovo], as well as greater physiological

adaptations to xeric habitats. It is thought that the wresiriction of

V. uliginosum to wet montane ledges in the area studied, is due to the

more hygrophylic characteristics of this species and a probable inability
to compete successiully for water when this is in shortl supply e¢.g. on the
turf habitlat,

The uvsefulness of relative waler contentls in messuring stomatsl clos-
ing points and drought hardiness has bcen demonstrated, and it has been
possible in this study to distinguish between different habitats and dif-
ferent spocies of Vaccinium using these techniques,

Growth cabinet studies have demonstrated how well growth and physio-
logy can be controlled and measured, and it has been possible to relate
the physiological findings from these artificial studies to the ccological
situatiorn in the field._

Apaxrt from revealing aspects ol the distribution of the threc Vaccinium
species and their relationship to the environment, this study has shown
how axtificially controlled environment studies and physiological measure-
menfs of field material can coniribute to an understanding of the ecology

of certain plant species,
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APPRNDIX 1. The effect of moisture content'on the frost

hardiness of Vaccinium vitis-idaea

Loch Xatrine, collected 17-12-68

In Levitt's review (1956), it is shown thal many workers have
found an inverse relationship between moisture content and frost hardi-
ness while many others have found no such relationship., IT moisture
content docs affect frost hardincess, inaccurate measurcmenis may arise
due to water deficits in the plant. An experiment was set vup to

examine the eflfect of water content on frost hardiness of V, vitis-idaea,

Loch Katrine.

Seventy two shools of V. vilis-idaea werc allowed to saturate by

standing overnight in water in glass jars, Four samples of nine plants
were then sclected at random, each plant weighed, and the samples placed
in an incubator at 28 ¥1°C under a 100 watt bulb for 1/2 hour, 1 houxr and
2 hours, One sample was not subjected to this drought trecaiment,

After the drying treatment, each plant from the three treated groups
was rewelighed, placed in glass containers and transferred to a cooling
bath at —7,20C (seo section dn frost resistano@_methods). The drying
procedure was arranged so that only one sample of 9 plants was in the
bath at the one time. The rate of cooling is very rapid (cf, frost
resistence discussion) because direct transfer to the freezing temperature
was necessary. tach sample was allowed to equilibrate and Jeflt at the
freezing temberature for 3/4 hour, after which it was removed and

individual plants thawed, cut up and placed in 2% wl., distilled watler,




Table A,

Derage at two temperatures and four moisture contents

V. vitis-idaea, Loch Katrine, 17-12-68

Temperature ~7.2% -11.1%¢
i;;igzie Replicates | Total of 9 | Total of 18 Total.of 9 | Replicates
20,000 70,238
17.088 78.921
26,950 85,211
28,000 82,142
T 38,157 239,659 946,683 707.024 86.885
(100%) 24.186 78,064
17,647 64.202
54,690 79.057
%2.941 82,304
20,000 43,537
17.948 70.87%
10,138 37.719
13,658 AT . 445
1T 27.956 174,780 567,297 392,517 36,054
(a7%) 18,644 30,000
21.379 36,000
20,3%%8 40,404
24.719 50,485
55,928 45.641
28,62 52,127
21,461 59,863
24.175 71.631
TIT 32,352 223,425 698.556 A475.131 52,459
(834%) 22,513 47,161
22,580 58,102
16,578 38,912
19.211 49.2355
52.08% 48,226
57.073 59.597
26,008 A8, 44T
55.714 48,181
v 35,598 309,746 771.631 461,885 56,896
(76.5%) 25.454 66 .889
52,558 49,533
28,571 49,866
29,687 54.450
Total 947.610 2,984.167 | 2,036,557
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Conductance measurements and autoclaving were made as described in

section on frosl resistance methods,  This procedure was repeated for
. : 0

a second set of 4 samples at a freezing temperature of -11,17°C, Dry

.

weights of individual plants were finally determined, and relative water

contents were calculated. The mean relative water conltent ol each
sample was then calculated. Indices of damage were calculated for each

plant (frost resistance scetion) and the results arc presented in Table 4,
The means are prescnted in Table B,

Table B, Neans of indices of injury at two temperstures and Tour

moisture contents

. Tewmperature
Moisture _ e

content

-7.2% | -11.1%

T 1007 26,629 78.558
TT 87% 19.420 4%.613
Irr 8%k 24.825 52,792
IV 76.5% | 34.416 | 51,321

Least significant difference = 8,39 units of injury

Analysis of vasriance was carried oubt on results in Table A, and results
are presented in Table C, teplicatles contribute no significant vari-
ation to the analysis, and the intersctions of replicates with other

factors are included in the residual (error) sum of squares,



Table D,

Analysis of variance after partitioning

Source of Degrees of Sum of Mean |Variance (F)
Varigtion Freedom Squares square Ratio
Replicates 8 492,197 61.525 0.°777
Temperature 1 16,466,855 [16,466.855 [ 207,962%*%
dater level
(a) I versus rest 1 2,979.327 | 2,979.%27| 37.626%%%
(b) within rest 2 1,191.1%4 595.567 7.521%%%
sub-total 3 4,170.461
W ox T
() I versus rest 1 2,82%,039 | 2,823,039 | 35,652%%%
(b) within rest 2 284 ,6%4 142,317 1,797 18
sub~-total 3 3,107,.67%
Residual 56 4,434,211 79,182
Total 71 28,671,397




Table C.

Analysis

of variance of

results

in Table A,

118,

Sou?oésof Dqgrces of gum of‘ ‘Neé? V&r%@nce (1)
Variation Freedom Squares Square Ratio
Replicates 8 492,197 61,525 0. 7717
Water levels (W) 3 4,170,461 | 1,%90,154 17,5567 %F
Temperature (T) 1 16,466,855 | 16,466,655 207,9627F*
Vx T 3 3,107.675 | 1,035,891 15,0827
Residual 56 4,454,211 79,162
—IOL:L ~ 71 - 28,671 .39} -----

R e (p<0,001)

Least sipnificant diff{erence between

any pair of W x I means = 8,39 units of injuxy

Interaction is seen between temperature and water level and this

was thought to be due to the variable effects of temperature at the
different water levels, Inspection of Table A revezls no patltern to
this intewaction, but it is observed that the figure for 1004 RWC at 11.1°C
(707.024) is rather large compared with the others, The significant
interaction might be duec to an interaction between I and the other water
levels, sums of squares of water levels and W x T interaction were
partitioned, and results presented in Table D,
From Table D, a significant interaction is observed between 1 and the

with non-~significance being observed within water levels 1T -~ 1V,

rest, 1 igms?
This indicates the source of significance of the W x T interaction in

Table C,
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A highly significant water level x Lempefatufe mteractiion is
observed between those treatiments with 1004 moisture content and those
with lower moisture contents,

Inspection of Table B indicates that lower water contents modify
the increase in damage due to freezing observed in the fully sgturated
treatments.

Vhen damege due to freezing is slight in fully saturated material,
lower moisture contents appear to have 1little elfect in reducing this
dasnage., Vhen damage due to freezing is exlensive in saturated material,
lower moisture contents have o significant effect in redvcing lhis
damage,

It is therefore concluded that lower moisture contenils signifi-

cantly reduvce frost demage to the tissue of Vaccinium vitis-idoea only

at temperatures which are likely to cause extensive damsge.




APPHEDIX 2. Plant species gquoted in lext

The specific names of several of the species quoted in the text
have been alterced since lhe date of the rcéeareh guoted, A list of
the names of all species with authorities is given below and the present
name included if different.
et 21. (1962), Dallimore and
Jackson (1966), VWatson (1968) and Flora Iuropaca (1964, 1968) have been

referred to, Names are in alphabetical order,

Higher plants

Calluna vulgaris (1.) Hull

Chrysopogon Trin,

Citrus sinensis Osheck

Convallaria majalis L,

Corylus svellana L.,

Empetrum nigrum L,

‘rica _cincrea L,

Frica tetralix L.

Festuca ovins L.,

Fraxinus excelsior L,

Ioiseleuria procumbens (L.) Desv,

laianthemum bifolivm (L.) Schmidt




Higher plants (contd)

Melampyrum pratense L.

Fices excelsas Link., = Pi

cea abiecs (1.) Karsi

Pinus cembra L.

Pinus montana Miller = Pinus mugo Turra

Pinus pungens lamb. ex Mic

Platanus occidentalis L.,

Populus deltoides Marshall

tuercus ilex Ii.

hx. .

fhododendron {errugincum I,

Salix herbacea L,

Saxilragn oppositifolia L,

Sexifrasa stellaris L,

Sedum rosea (I.,) Scop.

Silene acaulis (L.) Jacq.

Stipa L.

Ulex europaeus L,

Ulex @alliiPlanch.

Vacciniwn myrtilius L,

Vaccinium uliginosum L,

Vaccinium vitis-idsea L,

Pteridophytes

Pteridium aguilinum (L,) Kuhn.

Fhacomitrivg lenueinosun

Hedw, ) Brid,
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APPENDIX 5., Statistical methods

Analysis ol variance

In the [rost resistance scctltion and growth cabinet studies,
hardening expeovinment, it was necessary to distinguish variation in
tSO velues {rom rgndom veriation in the sampled populations, No
direct way of comparing t5O values was discovered but it was found
possible to compare indices of injury at different freezing Jevels
at various times throughout the year, Five Ireczing levels were
common to all determinations throughout the whole year - +500, —4009
haoC, -12°G and -16°C and the indices of injury at each of tihese
levels were compared throughout the ycar by Analysis of Variance,
using methods of calculation given by Snedecor and Cochran (1967).

The alteration of tSO with time rellects the reaction of lhe
tissues to freezing level at different times hence a signilicant inter-
aclbion between freezing level and time indicates a significant slter-
ation in t,. ., value,

Ho

A typical example is given below, though the figures have been
simplified for clarity. igures in brackets are estimales of missing
values, A degree of freedom is lost for each cstimate,

Since wreplicales have not been randomized, the sum of squares cue
to replicates has not been extracted in this analysis, Inenlysis of
growth cabinel studies, sum of squares due to replicates is included

since randomization was carried out,

Calculation (see Table A)

Correction = TQ/N = X = 53%2582,89
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A
N

(1)

Total sum of scuares (X = individual index of injury)

THC - T/ = 9585411

(R

level

(

) Ireezing

N2 .
...+ (599)T Td/N = 70911,26

Sum of sguares =
20
(3) Rinme
<) A YA 2 2 ?
Sum of squares = (503)° + ..... + (689)" /N = 11623 ,81
10
(4) Freesing level x times
oun of 232 2
squores (19%) +,,::,+(75) - TP/ - 0911.26 - 116235.81 = 1104654

2
M analysis of varisnce table is now set up (Table B) in which all
sources of varialion given above arc compared with lhe residual variation,
this latter being a measure ol veriastion of individuval planis,
Mean squsre of iteom

Mean square of residual
I is greater than that valuec given in tables for the 54 level (p<0,05)

is calcunlated and if

The variance ratio, o=

then that item coniributes signiflicantly to variations in the experiment.

o (p0.05); FF (p=0,01)5 Y (p<0,001)

Table B, Analysis of variance table, V. mvritillus, Garelochhead

goq?cghof D?gregs of %um of E@an Varignoe (%)

aristion Freedon Squares Square Ratio
Freezing level (F) 4 70,911.26 | 17,727.82 | 312,067
Times (T) 9 11,623,811 1,291.53 22,7 %***
FxT 36 11,046 .54 306 .85 5. 40FFF

| Residual 40 2,272,50 56,81
Total 89 (99-10)195,854.11
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Conclusion: The very highly significant interaction between freewing

Jevel and times indicates that t50 values vary significantly with time,
. . c . . . 2
The residual mean square (36,81) is the sample variance, s of the
population,

. 2 .
The standard error of the differcnce between two means, 2s is

1]

n
calculated for the freezing level x times means, i,e, the mean of the
total of each two replicates,

M the example n = 2 and the standard error = 7u5579(/56,81).

The Bﬁ, alue of t with 40 degrees of freedom is 2,02, Hence the
diffcrence between a specific pair of freezing level x lime means is
signilicant at the 5% level if it exceeds (2.02) (7.537) = 15,22 units
of injury, This value is the Jeast significant differerce (LSD) be-
tween any pair of interaction means,

In the example, a difference of 15,22 units of injury axound the
50/ index of injury level is equivalent to a difference of O.BOC in

0. . . .
suwumer snd 2,5 C in winter between t values, These are oestimated

50
from the freezing curves, and the difference between swimer and winter
occurs becanse the slope of the graph with which LSO is determined is

steeper in summer than in winter,

Muliivle regression analysis

Additional information about a dependent variable Y is obtained
by means of a multiple regression on several X's,

In the present study, multiple regression is used for -
(1) constructing an equation in X's that gives the best prediction

of the wvalues of T,



Table C, DMultiple regression, Vaccinium myrtillus, Ben Jui -

ledge form

Date X1 X2 Y

16. 5.68 | 4.1 16.%3 | - 6.2

30, 5.68 9.4 17.1 | = 5.1

12, 6.68 | 13.2 7.9 | - 4.3

50 9.68 8.9 -]401 - 3-9

%.10,68 7.8 12,0 | - 6,0 X, = mean temperature (OC)

25.11.68 5.8 8.0 | ~12.1 X, = mean daylength (hours)

7. 1.69 1.5 7.1 -11.1 o

17. 2,69 | -3.2 9.5 | -12.7 T o= g value (°0)

150 4-69 504 1508 - 708

28, 4.69 | 3.6 14.8 | - 8.4

10, 6.69 7.8 17.3 | - 6.2

29, 7.69 | 11.8 16,6 | - 3,8

Total 71.9 164 ,1 ~87 .6

Mean 5.99 1%,67 1 - 7.%0
Xxf = 670,4%0 >:x,]x2 = 1,117.910 EX1Y = ~ 381,360

¢ = 430.800 C =  98%,23%0 O = - 524,870
Ex,iz = 239,6%0 Ex1x2 = 134,680 Ex,]y - 143.510
Tx,2 = 2,396.250 XY = 1,089,070 SY = 749.340

C = 2,244.067 C = -1,197.9%0 C = 639,480
Zx," = 152,183 Txyy = 108,860 Sv% . 109.860
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(2) discovering which variables are related to Y and rating theac

in order of ahportance,

Normally caleculstions involving three or more X-variables are done
on standard electronic compuler programs, two of which have been used
in the present study. However, an cxample with two X variables is
given below, using the method of calculation of Snedecor end Cochran
(1967).

Given a sauple of n values of (Y, X1, XQ) the sample regression
or prediction cquation is

? = a + b, X, + b.X

171 272
where a = Y - b1X1 - b2X2
- P o .
by = (T (Zxgy) - (L) (L)
D
— - -
b, = -S'Zx,] )(L}c?y) - (>_x,ix?)(>—_x_]y)
D
D= (T, )(Zx)7) - (2xx,)?
Using the above equalions and Table C, a = -14.6884, b = 0,%916,
A
b, = 0.3687 and ¥ = -14.6884 + o.3916x1 + 0,3687X,,.

. : . . o . n2 )5 2
The contribution of regression to variation in Y ziiy /jly

whe:c‘ezs}’} = -‘u_lz Xy o+ b?>_,)c2y = 96,%3%5

. —_ . <555 00 y
i.e. % variation duc to regression = 188?5%% X ! = 87.69/

The significance of the regression is calculated from the variance
(&} (&)

ratio, F, where
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P Regression mean souare (Zzﬁg/k—1)

. L o . ST2 S a2
Deviations or Residual mean square (zly mzly /nuk)

with (k-1) and (n-k) degrees of freedom (k = total number of variables),

In the example P = 48,168

s A HEA K 5. N X s a2
15098 52.052 Variance duc to regression

is veory highly significant (p<0,001).
Regression coefficients cannot be simply comparoed since a corrvection
[S.2/572 |
for scale is necessary. This correctlion is zzx“/21y and the standard

‘o : N C 2
partial regression coefficient (B) so formed = b EJT o

5 2
z&
In the cxample, the standard partial regression coefficient of X1
e 0.3916 jéléi'@
B4 10| 5657660 0.5780
and of X2 -
152,183 27

B2 = C).3687 109¢866 = 0‘4))6

Comparisons of these gives the contribution of

X, lo the regression = 0.5780 100 o Lz
‘1 005780 “l" Oa/lj§6 X - )/015/0

X? to the regression = (100.00 -~ 57.,13) = 42,87%.

Methods of calculating significence of individual coefficients
are given in Snedecor and Cochran (1967). Multiple regrescions with

more than 2 X variables are also considered,
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