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ABSTRACT

The population dynamics, life-histories, and reproductive
strategies of a number of rare plants in the Upper Teesdale
National Nature Reserve have been studied in detail over a
three year period. Results from a seven year period have
been analysed, and information presented on the changes in
numbers, mortality rates, recruitment rates, and reprodﬁctive

behaviour of Viola rupestris, Polygala amarella, Gentiana verna

and Viola rupestris x riviniana with particular reference to

different site conditions. The mortality patterns of even-aged
cohorts of plants have been followed, and mathematical models

fitted to their rates of decline.

The relative contributions of sexual and vegetative reproduction
to the population ﬁumbers have been analysed, and the different
reproductive strategies related to different environmental
conditions. Life-cycles have been constructed for some species,
and those points of the life-cycle where the greatest losses of

plants occur have been revealed.

The study has also sought to analyse any effects on the rare
plant populations caused by the presence of the recently-
constructed Cow Green reservoir, and future management of théée
rare plants is considered in the light of the information

collected.
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This study has relied considerably on the work of others.
The author's recording sites and methods followed directly
those used by Dr. J.P. Doody*, which were originally
established by Miss M.E. Watson. Wherever appropriate,

to gain the maximum advantage of a longer period of study,
the results of thesélprevious studies have been used in
analysis. Normally raw data have been taken and analysed
together with the author's own results; wherever figures
have been used direct from Dr. Doody's thesis, they have
been quoted as such. f am very grateful to Dr. Doody for

permission to use his data in this way.

My own recording covered the period Autumn 1972 to Autumn

1975 only.

I am also grateful to Mr. P. Marren, who succeeded me as
Research Assistant on the same study, for permission to use
charts on to which he had abstracted my field data for

Polygala amarella for 1975, and for allowing me to check

the correctness of my 1975 records against his 1976 records,
to. observe whether any plants not seen in the late autumn

of 1975 had been refound in spring 1976.

* Doody, J.P. (1975). Studies in the population dynamics
of some Teesdale plants, Ph.D. Thesis. University of
Durham.
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Chanter One

Plant population dynamics

Surbrisingly few long and detailed studies of the
dynamics of natural plant populations have been published. Plant
popuiations may often be considerably easier to study than animal
popﬁlations, since most higher plants remain where they are and
can be easily isolated and counted, yet much of our knowledge of
the processes of population dynamics comes from studies of animals,
including large mammals (e.g. Murie, 1944; Green and Evans 1940,
Edmonson 1945). Whilst part of the reason for this neglect lies
in the problems of the extreme plasticity of plants, and frequent
difficulty in defining and distinguishing effective reproductive
units (Harper, 1967), clearly this is not the whole answer. Many
plant species lend themselves readily to population analysis
because of their clearly-separated, similarly-sized individuals,
and the few studies that have been made have shown that the
difficulties are often readily overcome or avoided in practice,
and the results very worthwhile (e.g. Tamm, 1948, 1956, 1972 and
1972a; Rabotnov, 1960; Sarukhan and Harper, 1973). Much of the
early lack. of research probably stems from a failure to appreciate

the dynamic characteristics of superficially-stable vegetation,

&

and ine potential for elucidating information on component sgecise:
by specific studies. |

Over the last 20 years or sc¢, interest in the population
dynamics of plants has increased considerably, though the areat
majority of studies have been of a short-term nature, lasting

for one to three years. The guestions that such studies seck

to answver include:- s
K‘\g\“ nive P
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1. How does the total number of individuals in a
population change over a given time?

2. What is the mechanism of this change in terms of
recruitment and mortality?

5. What is the age-structure-of the population?

4. What is the life-expectancy (or other measure of
length of life) of individuals in the population?

5. How are losses and gains of new plants or potential
plants related to the life-cycle of the plant?

6. VWhat is the felationship between age and reproductive
ability of the plants, and what is the reproductive
strategy of the species? '

For more complete studies, additional information needs to be
sought on the detailed_biology and life-cycle of the subjects,
and on the relationship between the porulation and the environ-
ment. It may also be possible to predict future trends in
vopulation numbers, and to understand past histories.

There are, essentially, two main ways in which adequate
information on the population biology of plants may be collected.
The quickest way may be to sample a population at a single
point in time, and to .use thg resulting information on the age-
structure of the sample to predict otner ponulation parameters.
"This method has often been used for aznimal populat;ons (e.s._
Murie, 1944; Caughley, 1965 and 1966) and for woody plant.species.

Blackburn and Tueller (1970) observed the age structure of

vopulations of Pinyon Pines (2inus monoohvlla) and Junipers

(Juniverus osteosperma) under different conditions using direct

me thods of measurement, dividing the age structure of the

populations into 6 "maturity classes" and relating this to
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colonisation processes. In another example, (Henry and Swan,
1974) the history of a virgin forest was carefully reconstructed
for a period of more than 300 years by using age-structure data
in combination with other observable features of the forest.

Such studies are, predictably, very rare on herbaceous
plants because of.the difficulties of ageing material. In one
classic early study, Linkola (1935) estimated the age distribution
of a number of different herbs in a Finnish meadow using
morphological characteristics as an indication of the age of
individuals. It is possible to use the information from such a
study to predict the mortality pattern of the species by equating
the observed age distribution with a survivorship curve (e.g.
Caughley, 1966; Harper 1977) and thence gaining a measure of the
rate of turnover of the population. However, sucﬁ a calculation
involves the direct assumption that recruitment to the pop-
ulation has remained more or less constant over the time period
involved in the production of that particular population.
Although such an assumption may be correct, it is frequently not,
and - as will be shown in latér Chapters - recruitment can vary
considerably even in populations of plants which are known to

be long-established. The dangers are elegantly illustrated by

-y

Harper (1977) who uses the g2me set of theoretical wvalues for an
age-structure of a population to show that the population could
either be considered as a stable one with regular annual
recruitment and age-independent mortality, or as one with an
exponentially increasing rate of recruitment and no mortality,
or as something in between the two extremes. Without supporting

data, thererore, such studies are unlikely to be very revealing

with regard tc the dynamics of the population.



The second major way in which information about the
dynareics of a population may be gathered involves the more
tedious and lengthy method of follcowing the fates of all
individual plants of parficular species in a sample ponmulation,
as has been done in the present study. On its own, this
procedure yields'information on changes in pbpulation numﬁers,
rates of recruitment and mortality, life expectancy of individuals
and rate of turnover of populations, as well as much valuable
information on the life-strategy of the species. If additional
informétion is gathered on the rate of production of seeds, or
other propagules; and the fate of these propagules can be
followed, then a reasonably clear picture of the life—cyéle'and
populétion dynamics of a particular species in a particular
habitat may be built up.

The pioneer studies in this field, and the longest studies
of population dynamics of herbaceous perennials published, were
carried out by Tamm (1948, 1956, 1972, 1972a). 1In 1942, he
began observations on small fixed quadrats in meadows and wood-
;and in which a number of species wére studied in detail. His
most recent papers (Tamm 1972, 1972a) include data up to 1971.
In each case, the initial populations were composed of individuals
of unkaown age. The nosition of all plzants of those snecies

under study were carefully marked and their fates followed over
succeeding years. Hew additions were recorded, and théif fé%es
as individuals of known age followed by subsequent annual
recordings. In 1956, he presented the results of 13-14 years of

study on Anemone hevatica, Sanicula eurcpaea, Filipendula vulgaris,

Centaurea iacea, and a mixed meadow plot. Several points of
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particular interest emerged: Anemone hepatica, Sanicula euronaea,

Ly

and Filipendula vulgaris all more or less maintained their
population numbers, but the study revealed that there was quite
a rapid turnover of plants within the populations, aﬁd that botn
seedlings and vegetative additions were being recruited and were

dying. In contrast, Centaurea jacea was shown to be a declining

population, with the process of decline clearly shownj; moftaiity
remained constant but no new plahts appeared. In all cases, the
considerable longevity of individuals is a surprising feature.
Harper (1967) re-presented some of Tamm's data in the form of
depletion curves for the original mixed-age population. By
analogy with radioactive decay rates, he was then able to calculate
'half-lives' for each species poﬁulation, based on the fact that
mortalily was age-independent, and therefore the depletion curves
were linear. When appropriately used, these figures provide
valuable insight into the turnover rates of populations and act
as useful bases for compnarisons between species. Using famm's
data, llarper showed that the initial population of Sanicula-

europaea had a half-life of over 50 years, Filivendula vulgaris

had a half-life of 18.4 years, and the declining Centaurea Jjacea

had a half-life of c¢.1.9 years., Additionally, Tamm showed that

the percentage or plants flowering varied considerably from year

48]
5]

to year, that many plaﬁts flowered repeatedly in successive
years, and that the pattern of recruitment of seedlings into
the population was by no means regular.

In 1972, further results of Tanm's studies on his original,
and other, quadrats were published (Tamm 1972, 1972a). In some
instances, these provide records of populations stretching over
nearly 30 years, and therefore vrovide unrivalled ;nformation

both on the behaviour of mewbers of the population, and the
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behaviour ox the whole population, particularly in relation to
changing gnvironmental conditions. It is of particular interest

to see that 18 individuals of Dacivlorchis sambucina were still

surviving in 1971 out of the original 1942 population of 52, and
that some of these are still flowering, despite a general
reduction in_floﬁering percentage of individuals in the plot;

and 15 individuals of Listera ovata out of a 1944 population of

22 were surviving, with a very high percentage still flowering.
It is likely, therefore, that individuals of these 2 species'of
orchid may attain ages of well over 30 years, and, under
reasonably favograble‘conditions, produce flowers regularly.
It is interesting that in this study, and Tarm's study on
Primula veris (1972a) there are the effects of significant local
and general environmental changes {(with the possible exception
of P. veris site III) superimposed on the inherent mortality and
recruitment patterns of the species which have affected the
observed dynamic patterns. Because species in more stable
gsituations frequently show such strikingly stable rates of
mortality (e.g. Tamm 1956; Saéar 1959; Sarukhan and Harper 1973),
not only independent of the age of the plant but also of the
different annual weather conditions, it seems that the survival
of established individuals is much more affécted by particular
100@1 conditions such as grazing, mowing, drainage, shading, etc.,
than by the weather in different-years, expect verhaps where
extreme weather ié encowltered.

Whilst Tarm's studies provided considerable information on
the aspects described above, there were less data on the
detailed processes of seed production and establishment, clonal

growth, and seasonal changes in mortality and recruitment rztes.
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Records were only taken once per year, so that some of the
shorter-lived phenomena were inevitably missed. 1In a shorter,
but more detailed study, Sagar (1959, from Harper 1967; Sagar

and Harper, 1960Q; Sagar 1970) observed populations of Plantago o,

in heavily-grazed grassland over a 2 year period. From freqguent

observations of newly-recruited seedlings of P. lanceolata, he

was able to show that 2/3rds of the seédlings recruited during

the 2-year period died before they were 12 months old, in contrast
to the calculated half-life of the original mature plants of

c. 5.2 years. Detailed studies of the early mortality of
seedlings are rare, and studies that attempt to show pre-emergence
losses are even rarer. "Germination" is generally recorded as
héving occurred when cotyledons are visible above ground, but as
Harper (1977) points out, in reality this excludes information

on mortality of seeds that germinate, but do not emerge. Other
losses are sustained at the pre-germination stage by predation,
damage, pathogen attack, loss of viability, ete. BStudises that
analyse the fate of seeds azre also rare, and the difficulties

are obvious, although many records emphasise the extremely low
percentage of seeds that survive to produce new adults (é.gﬂ
Darwin, 1962; Salisbury 1942, Sagar 1970). Donald (1959)

followed the fate of naturally sown seeds of Jrifolium

subterraneum and found that 92.1% of seedlings appeared in the

first year after sowing, 6.3% in the second year, and 1.0, 0.52
and 0.07% in the third, fourth and fifth years respectively.
Presumably, therefore, if this was a normal year, then the
seedlings appearing in any one year are from seeds produced
over several years. Naylor (1972) used an elegant "mark and
recapture” technique on nopulations of Blackgrass (Alonecurus

myosuroides). He added fluorescent paint-marked seceds to nlots
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to tﬁe level of 10% of the estimated natural seed rain over

3 periods, and was able to observe the percentage of germinating
seeds resulting from the marked seeds. He calculated tﬁat
approximately 2/3rds (62-715%) of the seedlings emerging were
from seeds less than one year old, and that seeds sown at
different times did not make significantly different contri-
butioné to the following year's populaiion. However, it is more
or less certain that other species in other habitats will have
quite different patterns of mortality and germination time - 'in
seeds, and few generalisations relevant here can be made from
thése isolated studies.

Ohce a seedling has emerged, it may be recorded by the
normal methods. The detailed mortality vatterns of these earliest
stages of the growing plant have been recorded in most detail for
annual plants where germination and seedling establishment play
a relatively greater part in the life-cycles. Sharitz (1970)
and Sharitz and McCormieck (1973) rresent detailed figures for

2 winter annuals, Minuartia uniflora an? Sedum snmallii. In

Minuartia uniflora, they show that, for every 1000 seeds, 210

remain available for germination and that 64 of these germinate

(30%), and 11 (17%) become established. In Sedum smallii, 840

seeds re:main available, 210 germinate (25,0), and 3% tecome
established (16j2). The differences in seed survival are largely
accounted for by differences in the methods of release of the
seed, but in both plants a considerable loss rate is shcwn at,

or soon after, seed germination. 1In a study of the winter annual

Cerastium atrovirens on sand dunes, Mack (1976) in contrast

found that there wes minimal mortality amongst newly-germinated
seedlings, perhaps because of the more stable, less harsh

conditions of this study. The survivorsnip curve of a large



-0 -

cohort of seedlings (6504) was sharply negatively skewed,
similar to that found by Beatley (1967) for various winter
annuals in the Mojave desert.

In Vulpia membranacea, each plant was shown by Watkinson

(1975) to produce only 1.7 mature seeds on average, of which 90%
germinated, and 69% of the seedlings survived to flowering.

Clearly, the phase from seed production to seedling
establishmenf is a very critical phase in the life-cycle of
plants that reproduce by seed, and there are many different
patterns shown in the survivorship of these stages. These
differences frequently reflecf the reproductive strategy of the
plant; for example, a plant may produce many small seeds of
which a minute percentage survive to each successive stage

(e.g. orchids), or fewer larger seeds from which a higher

proportion survive (e.g. Vulpia membranacea). Similarly, the
environment ofla pérticular svecies is likely to affect its
pattern of seed and seedling mortality.

Although, in general, the greatest percentage losses of
potential new plants occur in the seed and seedling stages, it
is of particular interest to follow the fate of established

seedlings on to reproductive maturity. In perennials, the

2

situation nay be gquite complex in that, of those individual:

that become apparently mature, many do not flower at first,

some may flower and then die, and a surprising number persist
for many years, eventually dying without flowering (see Chapters
4-7). At the same time, 2 series of generations are overlapring.
As 16nger-term information on these aspects of the populations
of plants is collected,.it becomes possible to work out the
overall flux and longevity of individuals and populations, and

- in conjunction with inJormation cn fecundity - to zain a
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picture of the plant's reproductive strategy. Tamm's studies
(Tamm 1948, 1956, 1972 and 1972a) provided the information that,
whilst perennial herbs uway be very long-lived, there is a
surprising turﬁovef continuing in the population. Additionally,
he revealed the variable and irrcgular timing of flowering shown
by individual plants. The number of times that a perennial,
seed~producing plant flowers in its life is clearly of great
importance for that plant's survival.

In most studies of éerennial, polycarpic herbs, it has
been shown that the rate of mortality of non-seedling vlants is
virtually independent of age (e.g. Tamm 1948, 1972, 1972a;
Sarukhan and Harper, 1973; Antonovicé, 1972; Foster 1964). In
other words, once a plént has reached a certain state, usually
.attained during its first year of 1life, its likelihood of death
seenns to be determined by chance, and it is as likely to die at
2 years old as 10 years old. This observation, which sets plants
aside from most animal pnonulations, led Harner to present data on
the survivorship of individuals as seni-logarithmic decay curves,
~ likened to radioactive decay, (Harper, 1967). The particular
exceptions to this study are a number of grass species, which it
is of interest to consider here, although they are not directly
relevant to this study. Jilliszms (1970) followed the survivaor-

ship of cohorts of seedlings of Donthonia caespitosa and Chleris

acicularis in different years. He found l.that the survivorship

curves rarely followed the Deevey (1947) Type II negative
exponential curve, but were most commonly of the negatively-
skeved Type III curve; and 2.that survivorship rates varied in

different cohorts. This second feature is also shown by

Anthoxanthum odoratum (Antonovies, 1972), and presumably somehow

relates to the way a given climate acts on different-azed plants,
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e.g. a dry summer period may increase mortality amongst O-1 year
olds, but not amongst 1l-2 year olds to such an extent.
Canfield (1957) showéd that several species of grass on range-
land in Arizona exhibited positively-skewed survivorship curves
(Deevey Type 1), with the lowest risk of death in middle age.
These are the only published examples of such mortality patterns
in perennial plants, although thev are common in the animal

' this mortality pattern '
world (including humans), andAmay somehow relate to the
increasingly dense tussock habit of the grasses.

The results of this study tend to fit the general pattern

of age-independent mortality, with the possible exception of

Viola rupestris (see sections 6.4 and 9), although it may not be

applicable if seedlings under one year old are included. It is
interesting that no apparent change in the rate of mortality as
individuals approach or reach reproductive maturity is generally
noted, although inspection-of mixed-age population depletion
curves only would obscure any such patiern.

Although the analogy of using exponential decay rate as
a parameter of plant age cohorts should not be taken too far in
view of the many and varied pressures that exist throughout a
plant's life, it has provéd to be of great value for comparing
different species, or for comparing the same species in different
conditions or areas, and it remains as one oI the most'intereéting
discoveries and tenets of plant population dynamics. It is of
considerable interest that, in those few occasions where the
morfality of one species has been studied at widely different
localities, the half-lives have been of the same order. =£.g.

Ranunculus acris has been studied in river meadows in the U.S.3.R.
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by Rabotnov (1958) with data recalculated by Sarukhan and
Harper (1973), by Linkola (1935) in a Finnish meadow using age-
structure data, and by Saruknan and Harper (1973) in some detail
in Welsh neadows. The célculated half-lives were 99 weeks for
the.Russian population, 65-100 weeks for the Finnish population
(assuming nore or less constanf nortality, és discussed earlier),
and 102 and 196 weeks for the Welsh populations. Thus, the
differences are not lérge, despite the considerable.climatic
differences between the areas, and may indicate that climatic
differences are not of great importance in determining the life
span of plants - of certain species, at least - with the possible
exception of plants growing at the edge of their rangé..

Within a given year, there may often be a definite
seasonal effect observed on the mortality vatterns. This has
been reported, for instance, by Sager (1959), re-presented by

Sarukhan and Harper (1973) for populations of Plantago lanceolata,

by Sarukhan and Harper (1973) for three species of Ranunculus,

for Anthoxanthum odoratum by Antonovics (1972), for Plantarco

rugelii and P. major by Hawthorn and Cavers (1976) and for

Carex rostrata by Bernard (1976).amongst others. In most cases,

the highest mortalities were observed during the early summer

aenths, excent in the cuase of Plantacsn makiop in Canoda, vhers

mortality peaked in late sumnmer (Hawthorn and Cavers, 1976).
This scasonal mortality is ascribed to the additioﬁal aeﬁandé
made on the plant's resources, at the period of maximum growth,
and competition with other plants, and way also depend on the
derands made by preparing for reproduction, and by increased
mortality following reproduction. All of these vlants are
relatively short-lived, and the seasonal variation may be.less

clear ia longer-lived repeating flowverer

o

(4]
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The nﬁmber.of studies that have now been made on
perennial herbs serve to illustrate the differences in life-
cycles and strategies that exist between specigs, even between
closely-related species and ones in Very similar habitats.

Gadgil and Bossert (1970) distinguish two very different
strategies: the repeating producers, and the "big-bang" producers.
Clearly, though, the differences may be cénsidérably nore subtle,
and it is the study of environmental factors and how they operate
‘at different stages of life-cycles that is -one of the most
fascinating features of plant population studies.

Sagar's studies on three Pléntago species in permanent
grassland under 3 management regimes (Sagar 1959) revealed how
differences in management may affecf the survival of different,
though related, species, and how these changes in status may be

brought about. Hé-shéwed. for example, that P. lanceoglata and

P, media declined in an area grazed 3 out of 4 years, with hay
cut in the fourth year, probably because of an inability to
establish from sced, coupled with a short average life. P. maior
was common in an area fhat was cut with a scythe and periodically
flooded, but it was eliminated from the grassland when cutting

was stopped. A major flooding eliminated P. lanceolata from the

area, and caused the suvubsequent establishment of large numbers
of P. major seedlings. This type of study, outlined above, bezins
to give an insight into why plants grow- where they do. 1In

another study, Harper and Szgar (1953) were able to show that the

3 species of Ranunculus, R. acris, R. bulbosus and R. repens

vere distributed in a particular way, apparently denending on
their ability to establish seed in certain conditions, and their
clonal growth canacities. On old ridge and furrow

they found that R. renens was confinmed %o the damp bottom of tihe
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furrow, R. acris occupied an intermediate position, and

R. bulbosus occupied the drier tops of the furrows. They

showed that the seeds of each were best able to establish in
the conditions in which the adults were growing.

The difficulties of seed establishment in closed grassland
or other vegetation are well-known (e.g. Cavers and Harber, 1967; |
Miles, 1972; Summerfield, 1973; Grubb, 1977), and very relevant
to the present study, where most of the sites are located in
.closed grassland, and many Qf.the sﬁecies are of limited distri-
‘bution in Britain. The relationship between present day distri-
bution and abundance of a species, and seedling establishment is
a fascinating but vexed question. As Harper (1977) points out,
by the time a plant is established, the peculigrities of the
microsite around the developing seedling (and possibly the whole
site) have long since altered. .Studies of the present day
requirements of a species, coupled with knowledge of its spatial
distribution, and information on its life-cycle may be able to
provide evidence of why the species is esvablished, but historical
factors must also be taken into account. Plants in general, and
tﬁe.plants in this particular study, produce far more viable.seed
than is necessary +to maintain their populations, for which only

zreater bulk of this

one new plant per acdult is required. The 3
seed vrobably ends Up» in areas apparehtly suitable.for its
germination and sur?ival, yet only a very small pfoportion-survive.
It is clear that chan5eé in the envifonment mmay have con-
siderabvle effects on the life-cycle, mortality, establishment and
consequent distribution of species. Tamm (1972) attributed
chanzes in the mortality rate of various orchids in meadowland

to changing agricultural practices, whereas in an earlier study

(Tamn, 1956) he found that a declining population cf
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Centaurea jacea maintained a constant mortality rate, but showed

considerably reduced flowering, with no new plants being produced.

Rabotnov (1960) showed that Trifolium repens may have a completely

different life-cycle under different environmental conditions.
In a comparison of populations of this species in both subalpine
meadows and low-lying river meadows, he found that the plants in
sub-alpine meadows were polycarpic, flowering either every year
or every 2 or 5 years, that they did not flower until they were
5 to 10 years old, and that some individuals reached 20 years old.
In the lower-lying meadows, in contrast, the plants usually
flowered once and died, within 2 years from germination, and
consequently there was a much greater populatién flux. Presumably,
this relates to the slower growth of individuals in the ﬁigher
meadows, with the long pre-reproductive phase and low fecundity
compensated for by repeated-producing, although other factors
are, no doubt, operating.

Pigott (1968, 1970) elegantly correlated the wider distri-

bution of Cirsium acaulon with climatic factors. He showed that

a certain level of summer warmth was necessary for the production
of fertile seed, and that the effect of this was reinforced by
combination with fﬁngal attack in cboler areas. Thus at the
edges of its rangze, Cirsium acaulon is able to

produce fertile

Py

seed in sufficient numbers to establish new plants'only in
exceptional years. Although not specifically observed, it may
be that longevity is increased under more difficult conditions,

as in the case of Trifolium revens.

The present study has been largely concerned with rare
species, and attention has been focussed on the way in which
small or very small populations maintain their mauabers, in one

case in the only Britisn locality (Viola rupestris x riviniana)
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and in another case at the edge of the species range in Britain

(Polygala amarella). This particular aspect of population

dynamics has received relatively scant attention, perhaps
because rare species make difficult experimental subjects.

Wells (1967) observed a population of Spiranthes spiralis over

a period of three years. He recorded much of interest on the
general population dynamics of the orchid, but was unable to
account for the population's decline in flowering performance
‘and the factors governing flowering, nor %o predict the optimum
.management for that particular speciesl Dring and Frost (1971)
and Watt (1971) have considered environmental factors in relation
to the management of rare species,.although their work included
little on population dynamics. Bradshaw and Doody (in press)
have reviewed the literature on p0pula£ion dynamics studies iﬁ
relation to rare plants, and shown the limportance of such studies
in formulating management plans for conservation of rare species,
with particular reference to Upner Teesdale.

The present study seeks to uncerstand the dynamics of the
plants in these populétions of rare plants, to see how the
populations are changing, to understand the weak points in their
life-cycle, and to relate their performance to different

environmental conditions.
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Chapter Two

Upper Teesdale : The environment of the study

2.1. Introduction.

Upper Teesdale is well-known, in mwany scientific circles, as a
unique area in Britain. Some of the reasons underlying its unusual
character are considered here in relation to the work that has been
carried out for this thesis, in an attempt to explain the exceptional
richness of its scientific interest, and to indicate the length of
time that some of the species studied may have lived in their

present habitats.

Upper Teesdale lies at about latitude 54°40'N on the eastern
slope of the Pennines, around the headwaters of the Tees which flows
eastwards from there to the North Sea. All the Teesdale studies
presented in this thesis were made on Widdybank and Cronkley Fells
(523M and 547M réspectively), some 15-20 Kms. from the source of the
river. The extraordinary richness and variety of the flora has been
known to botanists for a considerable period, although the detailead
knowledge of species has been added to more or less continucusly
(e.g. Bradshaw and Jones, 1976), and new species are still being

discovered, (e.g. Betula nana (Hutchinson, 1966) -~ although as

Bradshaw (1970) points out, this is most probably a rediscovery of

a very old record; Carex aquatilis, discovered in 13968 (Proctor, 1972)

at a site where it was soon flooded by tne rising reservoir, out
rediscovered a few yeuars later at a site lower down the river

(Holmes, 1976); or Grimmia agassizii (Holmes 1976a), 2n extremely

rare aquatic bryophyte in its only known Znglish localities).

John Rey first recorded Potentilla fruticosa from near High Force

in 1718 (Ray, 1744), and during the nineteenth century Binks,
Harriwan, and later the buackhouses brougnt to lignt the extent

and nature of the rich flora (Backhouse and Backhouse, 1843;
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Backhouse, i844). Baker and Tate (1868) listed over 30 rare plants
in their Flora from an area of "something like 4 square miles"
centred on Widdybank Fell, and later Pigott (1956) listed about
140 plants with some degree of rarity for the Upper Teesdale area,
of which about half were ﬁigher plants. Many of the rarest plants
are known only on the "sugar limestone" outcfops, whose interest
was sunmmarised by Ratcliffe (1977) thus: "The crumbling exposures
of this rare type of rock, with their close-grazed and open grassy
swards, and extensive systems of open calcareous flushes and mires,
have an extraordinary number and abundance of rare or local
monfane plants." |
2.2.- The geological setting.
It seems reasonably certain that the underlying geology of Upper
Teesdale is one of the major factors that has allowed the survival
of so many rare plants there (e.g. Johnson et al, 1971), and
therefore it is appropriate to consider this in reasonable detail
as far as it relates to the areas of study.

At the end of the Carboniferous period, the quartz-dolerite
Great Whin Sill was intruded as hot magna into the existing
Carboniferous rocks, baking the sediments around it. More or less
simultaneously, there began a period of hydrothermal mineralisation,

ne

Py

wihicn was 1o continue for scme 100 m.y., ana wnich resﬁlted in
deposition of zinc, lead, fluorspar and barytes veins in.the area.
The Whin S5ill came into contact with various Carboniferous limestones
which were thus baked for some distance ffom the point of contact.
Generally, the limestones were recrystallised to form marbles, as

far as 25M from the point of contact, except for the darker

pigmented limestones which did not recrystallise because of the
higher proportions of carbonaceous matter supressing marmarization

(Robinson, 1971).
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The pure white Melmerby Scar limestone was recrystallised
to sacqharoidal nmarble, where it was within 25M of the S5ill, and
it is .this rock that is frequently and aptly referred to as
"Sugar limestone", and which only occurs in quantity on Cronkley
and Widdybank IFells. The marble is composed of rounded, loosely-
cemented grains of calcite varying from O.5mm average size at the
point of contact to 0.05mm at 18M sbove it.

Since the early Tertiary, there has been a long period of
erosion, extending to the present day, which has removed overlying.
rocks and exposed the 3ill and its associated marbles. About
1 nillion years ago, the Great Ice Age began, and thick ice sheets
covered the region for an unknown period until about 10,000 years
ago, when the climate warmed up and the ice finally retreated
(Johnson, 1976). Some parts of Widdybank and Cronkley Fells afe
now overlain by drift of variable thickness, and many éreas afe
covered by up to 12 feet of post-glacial peat (Johnson and Dunham,
1963). The marbie is nasked by the drift in sore places, and by
peat on the more impervious soils. Weathering of the marble has
taken place below the surface, and the coarse-grained marble
nearest to the Sill has broken up readily, although the rate of the
whole process depends on the speed and extent of ground-water
movement. "JSugar liicestone" is thus chiefly a product of subsurface
weathering of saccharoidzl marble below a soil or peat wmantle,
exposed later by erosioh of the surfacellayers. This resultant
calcite sand is extremely easily eroded wherever the protective
mantle is removed, and hence a cycle of subsurface weathering below
thin soil, followed by erosion of the unstable calcite sand may
have taken place in these outcrops during much of the post—glacial

period, giving rise to a succession of open habitats. It is

unlikely, though, tnat calcite sand deposits were present on trese
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outcrops during the first stages of post-glacial plant colonisation,
(Johnson et al 1971).

The soils that have developed over the limestones are
influenced by the degree of contact with the limestone, and they
vary from peat or peaty gleyed podsols, through brown earths and
brown calcareous soils where the drift was thinner, to rendzinas
over less than 30cms of drift. The whole geological setting and
combination of soils is unique in Great Britain, and it is this
inherent instability and rapid drainage of the calcite sand soils
that has proved so important in the surviwval and continuing presence
of many of the rare plants, (Johnson et al, 1971).

2.5, Climatic factors.

Upper Teesdale iies almost at the centre of the narrowest part of
Britain, and its climate reflects this unusual position. Manley,
(19%36) provides records for the weather at Moor House (561M), 9 Kms
wvest of Widdybank Fell, and points out that the records correspond
well with figures for sea level in Southern Jceland (where a number
of the Teesdzle species occur). Doody (1975), in a comparison
between Widdybank Fell (where.there is now a leteorological station)
and Moor House, over the period 1968-1972 shows that Widdybank Fell
was slightly warmer and drier than Loor House over that period.

Pizott (1973) points out that the difference hetween the two stzation

&)
O]

is more or less as expected for their differences in altitude during
the winter, but Widdybank is warmer than expected during-thé'édmmer}
The general pattern is one of cold, rather snowy winters, very
late springs, short cool summers, and cold autumns. The overall
annual precipitation is usually 1500~1600mm {(much lower than at
comparable altitudes in the Lake District), with some of this
falling as snow. Snow does not normally persist on the lower Fells

beyond April, although night temperatures can be very low a2t this
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time. Manley's description of the weather on Dun Fell (848l1) is
very apt, although more severe than in our area: "We therefore
Torm a conception of .an excessively windy and pervasively wet
autum, a very variable and stormy winter with long periods of
. snow-cover, high hunidity and extremely bitter wind, alternating
with brief periods of rain and thaw. April has a mean temperature
little above'freezing point, and sunny days in May are offset by cold
polar air, while the short and cloudy summer is not quite warm
enough for the growth of trees" (Manley, 1945). The present tree
line is estimated to be at about 600M, well above the level of the
tops of Cronkley and Widdybank Fells (Pigott, 1978). HManley (1952)
estimates the growing seaéon at 450M in Teesdale to be from
April 18th to October 23rd, while at 670M it extends from May 4th
to October 16th. On Widdybank or Cronkley Fell it would therefore
extend ffom about April 24th to October 20th, although some
annual variation exists.

This general climate vattern is not unigue in Britain, but
is thought to have had a considerable effect on ths survival of
many of the rare plants in combination with other features of the
area. .
2.4 The history of the vegetation in Teesdale, and the survival

of the raritvies.
Forty years ago, it was generally considered that the_Terdglq"
assemblage of plants had Survived tarough the last ice-age on
nunataks in the area (e.g. Wilmot, 193%0; Blackburn,,l93l). This
has since been shown to be unlikely by the widespread demonstration
that the late-glacial and immediately post-glacial vegetation of
lowland England contained many plants now found in the Teesdale

assemblage (e.g. Blackburn, 195%2; Allison, Godwin, and Warren, 1952;
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Godwin, 1975), and the realisation that the whole of the Teesdale
area had been fully glaciated (Johnson and Dunham, 1963). Thus by
far the most likely, and generally accepted, interpretation is that
the présent day flora of Upper Teesdale is, in most senses, a relict
of the Late-Glacial flora (Godwin, 1956). It is of particular
interest, therefore, to consider how the flora persisted to the
present day.

It has been clearly demonstrated that trees grew in Upper
Teesdale in the warmer post-glacial periods. Johnson and Dunham
(1963) showed that birch, pine and hazel, in particular, grew at
Moor House, and Turner et al. (1973) demonstrated the presence of a
similar vegetation, with more pine, on Widdybank Fell. Between
6000 and 4000 B.C. the pine was gradually replaced by Oak and Alder
2s the dominant tree, and some forest cover persisted until the
Iron Agé, when increasing pressure from man, and changes in the
climate, caused the disappearance of the rewaining trees over an
uncertain period, and grazing and other factors have effectively
prevented regeneration of the trees ever since, although it is
interesting that-Squires (unpublished, quoted by Turner, 1970)
showed that the vegetation on Cronkley Fell regenerated after an
initial clearance, and was only cleared again after a considerable
time durin:g which woodland was azain dominzant,

Godwin (1949, 1956) and Pigott (1956) suggested, on
theoretical grounds, that the rare plaﬁts nad managed to suf?i?e
because the tree cover had never become fully closed, and that some
open habitats of varying size had always persisted. Counfirmation
of these theories came when the detailed studies of Squires,

(1970; 1971) and Turner et al. (1973) showed that even during the
Forest Maximum (6000-3000 B.C.), herbaceous pollen was at a
considerably higher level than in lowland woodlands, and that out

of the 16 rare plants irom Pigott's (1956) list of rarities that
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had sufficiently diagnostic pollen, 11 had been shown to occur
in Teesdale during the post-glacial period including the Forest
Maximum. The absence of the.other sﬁecies does not, ot course,
mean that they did not occur. As Turner (1978) points out "when
one considers the infinitesimal proportion of the total peat that’
Has been examined, one realizes that the chances of finding the
pollen of all the possible rare species were quite remote", and
wuch must have depended on the abundance of the plant and its
habitual method of pollination.

It is now possibie, therefore, to build up a reasonable
picture of the way in which some of the rarities survived from
the end of the glacial period. As Johnson et al (1971) showed,
the extreme erodiﬁility and rapid drainage of the 'sugar limestone'
soils has always provided open habitats which were not entirely
suitable'for tree growth. At the same time, various chemical factors
in the so0il were probably operazting to reduce plant growth. Jeffrey
(1971) has shown that thé main factor reducing the growth of grasses.
in a kobresia~rich sward in Upper Teesdale appears to be lack of
phosphate. Levels of phosphate were not found to be extremely low -
comparable, for instance, to such soils as occur in dune slacks -
but addition of phosphate promoted a considerable growth of grasses.
ditrogen alone had no such eifect. Taus it seems likely that some
other factor, or factors, are overating to affect the.uptakg of
phosphate.. He also showed that the levels of lead were very high
in the so0il, and he suggested that its présence might be affecting
the phosphate uptake. In separate experiments, he showed that lead
did have a considerable effect, but that Barytes did not. Other
heavy metals way occur, particularly in localised patches, and they
may have an effect on the relative conmpetitive ability of different

species. Further, Jerfrey and Pigott (1973) and Pigott (1972)
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showed that the thin soils lying directly over sugar limestone
supported very little biomass even in the absence of grazing, and
even where there was adequate soil water. Welch and Rawes (1969)
pointed out the very high rate of drainage and frequency of drying-
oﬁt in these so0ils, and, no dpubt, this has alweays been a further
factor in limiting tree growth and other wvigorous plants.

It is clear that the present-day climate is likely to affect
the composition of the vegetation. I{ may operate to reduce the
growth of some of the more invasive species, but it may also operate
to affect the life-cycles and establishment of such species.

Bellamy et al.(1969) in a study of the productivity of some of the
wetland Teesdale rarities in comparison with the.productivity of
various alpines and sub-arctic plants recorded by Bliss (1972),
conclude that a productivity of 150 gms/Mz/anpum is a critical
figure in allowing the survival of rare plants, in conjunction with
other factors. Because the climate was noticeably warmer during

the Forest Maximum, it seems likely though that other factors, such -
as those described above, musf have been responsible for maintaining
the populations of the rare plants at that time. Bellamy et al.
(1969) further suzgest that "boundary instability" on a small br
large scale may account for the survival of many of the rare grass-
land species. These are zones of vegetation instaosility, rataer
than continuous trsnsition, and they showed that many rare spgqies
occurred in such zones, although at that time no complete picture

of the vegetation of Widdybank Fell existéd. Such boundary zones
may consist of closed turf, but it is sugsgested that some
environmental factor, -~ such as ground water - oscillates markedly
in the zone. They suggest that the relatively large areas of single
vegetation units containing rare species may be accounted for by

tne existence of large areas of boundary zones, possicly stabilised
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by man's influence.

It is probable that grazing has always been a factor
promoting the survival of the rare plants in some areas. During
the Forest liaximum, it is known that bison and other large
herbivores, whose grazing and other life habits will have acted
to keep areas free of trees and possibly promote the erosion of
soils in small areas, were present. Since the forest clearance,
~grazing by wild and domesticated herbivores has prevented
regeneration and maintained the closed turf. Turner et al. (1973)
show that from about 1500-1100 b.c. at Weelhead, and 700-540 b.c.
at Red Sike there has been grassland established over the better-
drained limestone soils, and as both Turner (1978) and Roberts
(1978) point out, there has been very little change, with the
exception of those areas affected by mining, since then. So,
grazed areas have probaﬁly always been present, and - for the last
2-3000 years - considerable areas of grassland have existed more or
less constantly. Today, Jidayban« rell is grazed by a more or less
constant flock of 400-450 shecp from March to November (Findlay, pers.
comm. ), by a small number of horses since 1973, and by an increasing
. number of rabbits. Crénkley Fell is heavily grazed by rabbits, and
even in 1956, Pigott noted that the level of erosion seemed to be
increasing. The effects of this grazing are manifold and difficult
to qu;ntify, although it seems likely that a marked reduction'in
overall grézing pressure on these Fells would lead to a reduction
in the numbef and variety of rare species (Doody, 1975). In contrast
some species may have disappeared as the grassland spread (Turner,
1978}, and the present-study indicates that some species would be

more successful if given partial protection from grazing.
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2.5 Sumnary.

it is probable that most of the species stﬁdied for this thesis,

as members of the "Teesdale-assemblage" have survived since the
imwediate post-glacial period in or near their present habitat,

for a variety of reasons, particularly associated with soil factors,
grazing and climate. The grassland in which so many of the species
occur, including those presented here, has probably been in
existence for 2-3000.years in more or less its present form. The
population dynamics of species growing in such a long-established

habitat are of considerable interest.
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Chapter Three

Methods

This study followed on from a study originated in 1968.
The sites used for recording, and the methods of recording of
basic data were identical. BSections 3.1 - 3.4 therefore follow
Doody (1975) in fheir description of site selection, individual
definition and data recording, other than where specific differences
are noted. BSections 3.5 onwards are not related to previous work.
3.1 Selection of sample areas.
The study began in 1968 when a Research Assistant, Miss M.E. Watson,
investigated the selection of suitable study sites for work on the
population dynanics of some of the rare épecies in Upper Teesdale.
Some sites were established in 1968, the majority in 1969, and a
few more in 1970. The sites were situated in closely-grazed turf,
or in areas of efodiﬁg éugar limestone on Cronkley and Widdybank
Fells. They were selected so that records for each species, where
possible, could be kept at three different distances from the
planned top water mark (TWM) of the Cow Green Reservoir. These
distances were A. within 100 metres, B. 200-250 metres,
approximately, and C. over 500 metres.

ke selection of areas for the location of nuadrats was
greatly facilitated by maps showing the distribution of rare species
on the Pells, prepared by Dr. M.E. Bradshaw with the help df'Ekfraé
Mural students. Many of the species studied have very restricted
distributions, and the sites had to be selected accordingly.

The sites were grouved into 10 major areas, 9 on Viddybank
and one on Cronkley. Doody (1975) gives details of all the sites
that were established. Essentially, sites 1, 2 and 3 fell into

Group A (above), sites 4, 5, 5 and 7 fell into Group 3, and sites
EY
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8 (including 8Bjand 9 fell into group C. Species were not
necessarily represented in each site or in each grouping, depending
on their distribution. Details of the quadrats of the species
studied are given in chapters 4-7, . -

Site 10, on Cronkley Fell, was
situated on sugar-limestone turf, and some qguadrats lay inside
originally rabbit-proof enclosures. From about 1972 onwards, rabbit
grazing incréased considerably within these enclosures, and some of
the observed data reflects this.

3.2 Permanent quadrats and sample sites.
Permanent quadrats and sample sites wefe established once the broad
areas for stgdy had been decided. Permanent quadrats were set up
to obtain the detailed demographic information that is the basis of
this study. These quadrats were all 3Ocms wide, to facilifate
recording without entering the quadrat, and to enable the use of a
standard frame, but varied in length from 1. to 5 metres, depending
on the density of the plant under study, to ensure the precence of
a reasonable-sized sanple. These quadrais were marked with inert
nylon-coated corner pegs, sunk to ground level so that they were
invisible. It was essential for the purposes of the monitoring
that the study ifself had minimal effects, and therefore the sites
had to vbe apparsatly ideantical to the surrouniding vegetation as far
as sheep, humans, etc., were concerned. The plots wére relocated
using compass bearingé fron known landmarks, and eventually by
nmenory, and the system worked well throughout, although one or more
corner pegs gqiq &radually become buried.

Much larger, permanéhtly-marked sample sites were set up to
_providelﬂl%§er samples of flowers, fruit and seed for the species
under study. These were situated as close to the comparable

~ 5

pernmanent plots as possible, in similar vegetation. DJata from
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these sample sites have only been used where stated, as results
from them secmed very inconsistent, and difficult to relate to
the behaviour of plants in the permanent gquadrats at times. Des-

criptions of the sample sites are given under the species concerned.

additional
In spring 1973, 2 . K - permanent plots and a sample site
were established by the ~author at a site at Cassop Vale,

alfew_miles from Durham City to observe the behaviour of a lowland

population of Primula farinosa and compare it with the behaviour

of the species on Widdybank Iell.
3.3. Definition of individuals in the population has necessarily

followed those given by Doody (1975), and are explained for each

species in the appropriate chapter. Individuals of Primula farinoéa

were defined simply as.plants arising rIrom seed, and this definition

worked well-in practicé.

3.4 Yethad of recording.

A graduated metal frame, with a movable cross-piece was constructed

to the same width as the perinanent plots, i.e. 30cms. This frame

was placed with 2; or 4 legs, ovér the marker posts covering the

whole quadrat, or one metre of it at a time. For the longer

quadrats, a string was lined up.at each recordipg from end to end

of the qguadrat, and the frame was moved along this, recordings each

netre consecutively. By placing the frame in the same place on

each visit, 2ll known plants could be located easily. Each plant

of the species under study was originally located by paired co-

ordinates from the frawme, and mapped'onto graph paper at 1:10 scale.
o G o beg o afting i,

This was sealed ingpolythene and covered by a seni-mat KO erlay

Records of changes, additions, flowers, etc., were then made on to

the overlay with reference to the chart bvelow, using waverproof
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Mars "lumochrom" pencils of a different colour for each visit.”
Care was taken to mark the_corners of the quadrats on the map so
that any movement of the overlay could be adjusted for. This
method was adopted so that field records could be - made
whafever the weather, and it worked well despite the cold, wet and
‘windy nature of the Ieesdaie climate. Records were made
in spring, summer, and autumn, with the exact timing
depending on the obsecved behaviour of the species.' The situation at
each autumn was then transferred to a new chart, and new overlays
prepared for the following seasan..
$he fate of each plant could thus be followed over as long
a period as required. The data for all plants was abstracted, with
each plant identified by its exact coordinates, and all additions
and moftalities defined as appropriate.
The sample sites weré recorded for total number of plants
of the species, percentage individuals fioﬁering, and counts were
made 1o assess the number ¢f flowers, buds, fruit or seeds per
flowering plant as appropriate. Fruits and seeds were collected
elsewhere on the Fell for experimental work.
3.5 Dafa presentation and analysis.
3.5.1 befinitions.
Depletion curve: the survival of a mixed-zge populétiqn over z -
period of time (Harper, 1977).
Survivorship curve: the survival of a sinéle—age cohort over a
period of time.
Seedling: A seedling is counted as such untii after
its first winter. Thus, ‘it enters the adult population

at 6-12 months old, devending on germination time.
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Vegetative addition: non-seedling additions, defined for each

species separately.

Seasons: Winter: the 6 wmonth period between about mid-October

and mid-April.
Spring: April to July.
Summer: July to the Autumn recording (September/Qctober).
These are arbitrary divisions, but reasonably appropriate

to the ‘feesdale climate.

3.5.2., Problems and assumptions in analysis.

a. The general approach has been to look at each species in two

ways; its behaviour overall as represented by the samples taken
(i.e. permanent plots) and its béhaviour within each sample, or
permanent plot._ In mach of the analysis, therefore, sample
size, i.e. the figure for a single site for a given year, is
variable and often small, particularly where individual cohorts
or groups are being followed. Thus the variance for some of
the sawples muy be great, ana difficult to interpret. Some
"lumping" has been cerried out, thereiore, when appropriste,
but generally the approach kas indicated that there zre con-
siderable differences between sites, and they have been kept
separate for analysis wherever possible.

The commonest variable or which the erfect has been studied is
time, and time is not randow. Jamples from a given year s

be affected by the previous year in two ways: they include

the survivors from the previous year, and their behaviour in

a year nay be aifected by their behaviour in the previous.year.
The samples therefore are not independent. In general, the
pvroblem has been overcome by being igﬁored, but it is

particularly acute where attempts are made to correlate a
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population variablé with conditions in a given year.
Flowering, in year a, for instance, may depend on the
weather in year a at flowering time, during the previous
winter, in year g:;} or even hefore that; it will depend on

the age structure of the population, which itself reflects

"the conditions of the past few years; it may depend on

flowering in year a-l, and other less obvious factors from
previous years. The problems have been considered as they

have arisen, But should be viewed in the light of these factors.
The samples (i.e. sites) were originally selected subjectively
(Doody, 1975; Bradshaw pers. comm.), and although this need

not affect the validity of the analyses per se, it becomes
impossible to géneralise-from these sites to the situation

on the whole of Widdybank or Cronkley Fell, particularly with
regard to population changes. -The samples were to some extent
selected for their original high deﬁsity of plants of the

study species, compared to other areas where the species

"occurred, and their most likely short-term future is therefore

to decline, (although they need not do so), particularly in

the case of shorter-lived species. Both Polygala amarella

and uJrszba iacana (recoraed but notv preseanted in this thesis)
have declined. over the period, but this change has to be |
related to changés in ad jacent areas before it can be adeguately
interpreted.

It has bYecowe apparent that the sites are not merely samples

of a homogenous vegetation with species populations behaving
similarly within them all - in many cases, there is a good

dezl of evidence that the nopulation samples in some sites

behave quite differently, consistently, to other sites in one



or more parameters.

d. In general, because of the exireme rarity of the species
studied, and the location of the study area within a National
Nature Reserve, pnerturbation and experiment has not been
appropriate, despite the likely benefits from such an approach
in some cases.

e. Over the longest runs of data used, from 1968-1975, there
have been changes in observers. It is assﬁmed throughout that
all observed changes are real changes and not facets of
different recording techniques. Cross-checks and corrections
have been made wherever later evidence is inconsistent with
earlier records.

3 5.3 Age specific mortdllty._

The survivorship of cohorts of known or unknown age was exanmined

for evidence of age-specific mortality for each species. A decision

on whether or not mortality is age-independent is critical for the

understanding of other observed mortality data. first, the data on
the decline of all plants of known-age were pooled and compared for
each age-class 10 investigate the mortality rates between age-
classes. It is obvious that there were . more dafa available
on tre morvality rates of tie youngest age-classes, with very iittie
data on the decline of the oldest age-classes, and estimates_qf

their nortality rates was theréfore lesé precise. Pooling 6f the

data in this way was the best meithod of reducing the overlain effectis
of different annual conditions, but it assumes that the sarie pattern
of ageédependence is applying in each of the sites, (despite the
observed difrerences in mortality rates). This is indicated in the
graphs of Doody (1975) and has not been analysed further. The

observad aata on age class moriality was then compared with

I
to



- 34 -

best estimate of negative exponential mortality (age-independent
mortality),using the first and last figures for plant numbers and
calculating the apvropriate constant mortalit& rate,by a X 2 test
for goodness-~of-fit. The age-specific mortality for each snecies
was thus characterised, and in most cases it was found to approx-
imate to age-independent mortality (but see sections 6.4.1 and 4.4.)
In all cases, the mortality was assumed to be sufficiently close to
age~indepetidence for further deductions to be made, although the
possible inaccuracies resulting from this are discussed in 6.4.1.
and Chapter 8.

If mortality is age-~independent, and follows a negative
exponential pattern, it may be characterised, like radioactive
decay, by a half-life. This ié a measure of the time taken for
half of the population td disappear (excluding additions) and may

be calculated using the formula:-

N = log, ko
° Wt
and
%
half-life v = log, 2
N

where No is the number of individuals at risk, in the original
population.
Nt is the number of individuals surviving after time t (in yrs.

_)~ is a constant for that population.

Half-lives were calculated in this way for mixed-age populations
in each plot and subsequent additions over the first 2-3 years, as
a useful. way of comparing different species or different environ-
mental conditions. All half-lives are calculated using the number

of individuals remaining at Autumn 1675, unless the cokort had
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died out before this. Where appropriate, half-lives were
calculated for seedling and vegetative.additions separately.

Using the half-life of the mixed-age povulation, an estimate
of the total turnover time of the population may be made, i.e. the
time taken for all individuals recorded 2t a given time %o disappear
from the population. The "rule-of-thunb" used is that of four
times the half-life, and inspection of cohorts or populations that
have died out indicates that this estimate is reasonable, or
slightly low. It deﬁends, to an extent, on the sample size and the
accuracy of the assumption that mortslity is totally age-independent.
The "total turnover times" quoted are therefore useful comparative
estimates, but not accurate predictions. The implicit assumption
is that they also give an indication of the greatest age to which
individuals can live. |

Life expectancies at birth have also been calculated for plénts

nlants that

&

in each quadrat, based on the ages at death of those
have died, together with the len;th of time lived by those surviving.
Because the estimates are made for groups of piants where a number
are still surviving (rather than a cohort whose individuals have all
died out) an assumption has to be made to the effect that the Life
ﬁxpectancy of tne individuzls surviving is eguivalent to those that
have died. In other words, it assuhes age—indeneandent morta;;ty,
although small departurés ffomithis.patéern are unlikely to make
much difference to the calculated Life Expectancylif several years'
records are available. The equation for Le used was therefore:

Le = éépx

1+n

+

.« X n' .y
ltn Yinn len

n
xl"n n

(adapted from Sarukhan and Harper, 1973).
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Yhere Le, the Lifre Expectancy, is the sum of thce number of
individuals dying at age x multiplied by x, plus the number of
individuals dying at age X, multiplied by x, up to age X, plus
the total of the number of individuals surviving for y years
multiplied by y, up to Yp divided by the number of individuals

that die in the period, n, i.e. the individual-years lived
1-n

by those thzat have died, plus the individual-years lived by those
that have survived, divided by the number dying.

Estimates of half-lives, Life expectancies, and average
lengths of.life (see section 3.5.4) differ, as expected, since
they each measuré 8lightly different aspects of the plant's or the
population's longevity. However, in a few cases, one estimate of
longevity (e.g. half-life) will indicate that plants in a certain
plot are longer~lived thanh those in a second plot, whilst estimztes
of, fdr instance, Life expectancy may indicate the opposite. This
may arise because each estimate is based on the mortality of a
different section ol the population. Half~lives are, generally,
based on the mortality of the original mixed-age population; Life
expectancies are based on the mortality of plants "born" during
the study; and average length of life is based on the mortality of
.all plants during the period of study, of known or unknown aze
(althoggh excluding seedlings in some cases). All either assume
age-independent mortality, or are most accurate if it occurs.
3.5.4 Annual mortality data.

plents in
The apparent mortvazlity ofjfa population may be affected by the way
and in particular by
in which the data are presented,K’the time period considered, the
inclusion or exclusion of seedlings, and the population that the
nusber of deaths is related to. - In

most cases, where appropriate, seedlings have veen ezxcluded from
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overall and annual mortality calculations until after their first
winter. Although thne study has run from Autumn to Autumn, it has
been considered advisable in some cases to study mortality over
the period Spring-Spring; seedlings from the previous year "enter"
the adult population in spring and are therefore "at risk" for
only 6 months in their first year as adults if Autumn—Aﬁtumn periods
are considered, so that their mortality is not strictly comparable
with that of the other adults. If they are excluded until the
following autumn, it means that they are not considered for the
"first 15—15 months of their lives, which is a considerable part of
the total life-span of many species. It would be possible to
include seedlings at their first autumn, apd consider the period
Autumn-Autumn, but this may give riée to marxed fluctuations in
mortality that are more a function of the number 6f seedlings than
of anj external influences. Where possible, the detail of early
seedling mortality is considered separately, and if found to be
comparable to that of adults (e.g. in Polygela) they may be con-
sidered together. 'Because data for mortality or survival are
binomially distributed, very precise estimates of the variance for

individual sites in individual years may be calculated, using the

formula:

S" = p . g where p is the proportional mortality
' g is the survival (1-p)

and n is the total number of plants at
risk (the sample size.

This variance becomes smaller with increasing sample size, and
for reasonably large samples (say n > 100) the figure obtained
for p or q is considered to be very precise, as an cstimate of

the true P or Q. However, it is not appropriate to use this formula .
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as an estimate of variance of the mean of a number of sites, or
the mean of a number of years, as no‘account would be taken of
inter-site or inter-year variation. The means of a series of
samples of binomial data usuvally vary normally, and thus a simple
variance for the mean may be calculated by the normal methods;
but this does not take into account the inherent precision of the
binomial data, and normally gives very wide confidence limits
which it is difficult to draw conclusions from.
. Hence, it was considered most appropriate to analyse all the
data together. A technique similar to aﬁalysis of variance was
used, but the inherent precision of each sample figure allowed a
?42 to be .calculated for each source of variation, with a corres-a
pondingly more sensitive distinction being made between sites or
between yearsf Furfher, the "Residual variation" calculated as in -
an anélysis of variance could be treated as an estimate of the -
degree of interaction between sites and years, and tﬁe probability
"Interaction" between sites and years is caused by some sites
reacting differently to other sites in a given year, not in the
degree of their reaction but in its direction. In other words
1972 conditions might depress mortality in 4 sites but raise it
in 2; 1973 mignt then depress it in the 2 sites where it was raised

in 1972, and the ofther 4 sites might be raised. IHormally

1¥/]

difference is not that clear-cut, but if the degree of interaction
is high, it serves as a reminder that the sites may respond to the
same environmental conditions quite differently. This analysis

réveals the presence or absence of significant differences between

years, or between sites, but it does not indicate the exact source

% See over



*
This :Was_ calculated, after normal analysis of variance, using the
fq%&bwiﬂg‘equation, taking Years x sites mortality analysis as an

exgmple”

e X = Year sum of Sguares

Pure error
{ - o w2
'where “the degrees of freedom =(No. of years - 1). }; values could be
,palcﬂléted in a similar fashion for sites, or sites x years. This tecst
was ‘uged in a gimilar fashion to the variance Ratio:test, where appropriate
ibu%eixﬁiﬁthre sensitive.

i
t
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of the variation. The initial anslysis was therefore followed
by vartition of the data and re-analysis, after inspection to
determine the likely causes of the differences. Thus the |
contribution orf any one year or any one site could be determined,
although this was not necessarily clear-cut. Probabilities have
been ahsignéd to particular years or sites on the basis of their
contribution to the overall significance of the differences in the
data. Unlike some methods of analysis, this particular method
takes into account the differing sample sizes used which are so
difficult to avoid in long-term population analyses. The comments
about the inter-dependence of year samples made in 3.5.2(b) mis
still apply, however.

On the basis of the overall average annual moftality of all
plants, average lengths of life for plants have been calculated

‘using the formula:-

Dunnet et al (1963)
Ave. length of life = 2-M where M = the proportional annual

2 mortalivy.
%.95.5 Seasonal mortality data.
Records of changes in numbers were taken three times each year at
comparable times, so it is possible to compare mortality rates
over each of the three periods of the year. The winter period is
6 montns witile the 2 swarcer periods are eacn 3 monins. Yhe
mortﬁlity during the winter period is adjusted-therefpre‘by us%ng

the foraula:-~

M3m0nths =1 “J 'l—m6months

. . . 2 .
Comparisons were then made by aX® test on the wmortality rates

for each period.
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3.5.6- Recruitment.

Recruitment by seedlings or vegetative means has been treated in
the same way for the purposes of numerical analysis. Recruitment
is quoted as a rate per plant in the population at a given time

of the year, at the period when most recruitment takes place, e.g.

Seedling recruitment for Viola rupestris is the number of seedlings
per adult in the population at the spring record.

An@lysis of the recruitment data has been made using a two-
way analysis of variance, where Time is the Treatment and sites
are the Blocks. This gave an indication of the likelihood of
differences being present between years or between sites. Recruit-
ment data are not, of course, binomial and the initial significance
of the data was assessed using the normal variance ratio test.
Hence if variation between sites and years is too high, differences
will not be distinguished. Individual differences were assessed
using a Least Significant Difference Test, or a Least Significant
Ratio test.

It is not strictly appropriate to compare any pairs of mcans
using the LSD test because the probability of making a Type 1
statistical error increases with the number of means, and normally
only the most widely different means were compared. Where approp-
riate, seasonel difrerences in recruitment were analysed using
aX 2 test.

3.5.7 Reproductive data.

Distribution of ages at first flowering ahd comparable data were
calculated using only »lants from the earliest two years of the
study, to avoid bias towards the younger flowerers, although the

total samxple was not very large.
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Analysis of flowering percentage was made using standard
analysis of variance techniques, except that proportiocnal data
vere used, transformed according to J—E or J p + C.5 depending on
the range of the figures. Further analysis was carried'out as for
recruitnent data.

Percentage flowering was simply the percentage of the total
plants in the population that produced flowers of some sort, in
a given yéar.

Numbers of buds, flowers and ripe capsules produced were
counted in the permanent plots. Samples-(normally 30) of capsules
or other fruit, as appropriate, were collected from sample sites
and the average numbers of seeds per fruit calculated. To obtain
an estimate of the number of seeds produced per plant iﬁ the
permanent plot, the observed number of capsules was multiplied by
the averége number of seeds per capsule calculated from the nearest
sample, and divided into the number of plants present (usually
expressed as seeds per 100 plants). Tt was assumed that the nunber
of seeds per capsule from the sample site was equivalent to that in
the permanent plot; in general differences between sites were not
large, and the error is likely to be small. It is possible that
capsules matured and were broken off, e.g. by sheep, between visits,
althougi: the error :Irom this source is likely to be slight.
Prequent visits were made during the flowering scason, and rezzing |
of naturally-dispersed capsules were visible, ana an estimate of
the state ol a capsule that had been removed could be made from

its remaining stalk.
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Chanter Mour

Polvealo amsrella

4.1 Introduction.

Polygala amarells (Fearn 1975)(formerly P. amara)¥* is a small

rosulate perennial, occurring in only a few isolated localities
in the British Isles. It is listed as a rare species within the
British Isles (Perring and Farrell, 1977), occurring in only 13
10 Km. squares, and its population in Teesdale, one of its 4
disjunct areas of distribution, was estimated at c. 1500-2C00 plants
in.l970 (Bradshaw and Doody, in press). Within Teesdale, it
occurs on Cronkley Fell as separate blue-flowered and pink-flowered
populations, and on Widdybank Fell as a population of entirély
blue-flowered plants, re-discovered in 1557 (Pearn, 1971). Plants
from each of the main areas of distribution in the British Isles
show persistent morphological differences, suggesting a reasonably
long period of isolation, although the wvariants are not considered
to warrant separate varietal status. The Teesdale plants show
floral characteristics most similar to those of Scandinavian
material (Fearn, 1971, 1975).

For the purposes of this study, the "unit of reproauction”
and the units of the populations were considered as single

ividuals arising from seed. 2zsal braachiur may occur, ovut

=

-t

in
these branches remain clearly attached to the main stem, and are
therefore simply treated as part of the iadividual. Reproduction

over the whole study period was entirely from seed. P._amarella

is considered as one of the plants of the "Teesdale assemblage"

¥ Xearn, 1971, showed that the British populations of Polygala
amara agreed closely, on morphologiczl grounds, with
Y. amarella, and she changed the name accordingly.
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of rare plants, and presumed to have survived in the area since
the end of the last Ice age, although there is no sub-fossil
eyidence of this species in Post-Glacial deposits, (Fearn, 1975),
possibly because its populations have always remained small.

Today, the populations in Teesdale are undoubtedly sufiiciently
small to be considered to be in danger of extinction, particularly
in view of the findings of the present study, which has shown that,
in most ye&rs, more plants die than are recruited into the
population.

4.2 The recording sites.

Five permanent quadrats were established as described in 3,2,,
four on Widdybank Fell and one on Cronkley Fell. Those on
'Widdybank contained only blue-flowered plants and that on Cronxley
contained only the genetically-different pink-flowered plants,
although limited recofds were made on the Cronkley blue~-flowered
population without permanent quadrats. The Widdybank quadrats
were all cstablisned at about 200-250 metres from the toép water
mark or the reservoir, because of zTiwe localigeq distribution of
Polygala on this Fell.

uadrat 6:1 lay on a west-facing slope in sheep-grazed

grassland, dominated largely by Festuca ovina and Sesleria, with

smaller amounts of Kobresia simnliciuscula, Helianthemum

chamaecistus, Briza media, and two species whose populations

were recorded - Viola rivinians and rotentilla crantzii.

T7:1 was dominated by Festuca ovina and Sesleriz, but the

sugar-limestone turf graded into patchy Calluna. Xobresia

simpliciuscula was present in reasonable quantities, and

Plantazo maritima, Antenneria dioica, Gentiana verna and Briza

medig were also present. Doody (1975, shows a map of one metre

of this quadrat.
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1:2 lay quite close to 7:1, but differed in the absence of

Calluna and Kobregsia simpliciuscula and in its closer proximity

to eroding exposed sugar limestone. It was also recorded for

Gentiana verna. "Draba stone" (Gu. 7:3 in Doody, 1975) was
unusual in that the Polygala plants were growing in a loose moss/
lichen layer overlaying limestone rock. Much of the quadrat was
bare rock, and those parts lying to either side of the rock were

largely dominated by Calluna. Drabs incana was also recorded,

although the results are not presented here.
Black Ark on Cronkley Fell lay in a rabbit- and sheep-grazed

grassland/dwarf shrub area. Festuca ovina and Sesleria dominated

parts of this quadrat, although in other parts Calluna and Ewpetrun
nigrun were dominant. Parts had a close "turf" of lichens,
especially Cladonia spp.

Sample sites Two sample sites were set up on Widdybhank Fell,

close té quadrats 7:1 and 7:2, and one on Cronkley Fell immediately
adjacent to the permaznent guadrat, in which pink-flowered plants
were recorded. The populaticn was considered to be too simall to
risk collection of fruit and seed samples.

4.5 Population flux.

The populations of Polygala amarella have been recorded since

Autumn 1968. From the seven years of data available, a general
pattern thnat is shown by the total population and all individual

quadrats (except 6:1) is tnat of a general more or less -counstant
decline in nuwmbers since the peak of numbers in Sumrer-autumn 1962.
This 1969 peak was considerably higher than the initial 1968 levels,
and overall the total numbers of plants recorded was about the

same in 1975 as in 1968 (ee Figs. 4.1, 4.2 and 4.3%). The

population sample of pink-Iflowered plants on Cronkley showed very

similar behaviour over the period.
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Reference to Table 4:1 reveals the mechanics of these
changes. 1969 was an exceptionally good year for seedling estab-
lishment, with a total of 300 secdlings recorded in quadrats
during the year. Ior comparison, in the second best year (1970)
only 113 seedlings were recorded. NortdlltLes vere hlgheqt in
1969 and 1970, and the pattern since then has been a general excess
of mortalities over additions, with the consequent steady decline
in numbers. |

A longer period of recording is required before the full
mechanics of the changes in numbers can be understood. In all
years except one, mortalities have exceeded additions. If this
pattern is reasonably typical, and good seedling years do not
occur very frequently, then clearly the population will decline?'
From the available evidence, it would appear that Polyzala
amarella needs a very good seedling year at least once in every
6-7 years to maintain its populations, assuming that its performancé
over the period 1968-1975 was recasonably typical.

mny

The calculated average length of life of Polvgslz

anarella in

these sites is 3.65 years (see Table 4.5), and the calculated Life
expéctancy of individuals at birth is 4.47 years (see Table 4.4.).
The population is unlikely, therefore, to persist long without
recruisrent.

Although there are considerable seasonal differ ences 1n
nunbers, these follow no particular pattern, such that the lo:nst
nunber of plants mray be recorded in any éeason. Cver the 7 year
period, additions are significantly higher than average (P< 0.C0C1)
per period of time, in the swnmer (between the May and July
recordings), and significantly lower (P<0.001) in the other

periods. This agrees with the general observation that most
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e et o

Separate additions and mortalities in all permanent plots

Season Seedling Fortalities Change in Pon. nos.

additions Pop. nos. incl. all

seedlings
Aut. 1968 221
Spr. 1969 9 37 -28 193
Sum. " 240 53 +187 380
Aut, " 51 28 +23 403
Spr. 1970 26 86 -60 343
Sum. " 78 37 +41 384
Aug, " 9 20 -11 373
Spr. 1971 26 40 =14 +359
Sum, " 25 12 +13 372
Avt. " 6 26 -20 352
Spr. 1972 50 68 ~-18 334
Sum. " 22 18 +4 338
Aut, " 5 27 ~22 316
Spr. 1973 6 42 =56 280
Sum, " 6 0 +6 286
Aut. " 24 4 +20 306
Spr. 1974 18 61 ~-43 263
Sum. " 9 o 0 263
Aut, " 0 0 0 263
Spr. 1975 22 48 -26 237
Sum, " 4 6 -2 235
Aut., " 7 5 +2 237
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seedlings apnear in the éarly summer. Mortalities are
significantly higher than average (P<0.001) per month during
the winter period (October-May), and significantly lower than
average (P< 0.001) in the late summer-autumn period (July-
September/October). Although mortalities in swmmer (May-July)
tend to be lower than average (in 5 out of 7 years) the difference
is not significant. This contrasts with the findings of Doody
(1975) that plants were more likely to die in the summer period
(6 months), although it is noticeable that this distinction was
not present towards the end of his recording period, 1968-1972.
4.4 Mortality rates and Life expectancies.
In general, about 1/3 to 1/4 of the plants of Polygala in the
permanent plots died each year. Considerable variation existed
between sites and between years, and different analyses of the
data cogld exaggerate or lessen these differences.
4.4.1 Age specific hortality.
.Table 4.2 directly compares the survival of equivalent age classes
in different years. In atteumpting to assess the effect of age on
mortality, it should be noted that this study has not continued
long enough to allow comparable sized samples to be observed for .
all age classes. Only relatively small numbers of plants have
been followed from 4 to 6 years of age, and the data becomes
correspondingly more prone to random fluctuations for these older
age groups. In addition, it is not possible to completely:
separate the erffects of age from those of the year (weather etc.)
although the sawe age classes are compared from different years.
The analysis presented in Table 4.2 suggests that mortality
is more or less age-independent, although mortality from 3 to 4
years is significantly lower (P € 0.001) than the overall averagzge.

lortality of plants of this age was 0.136, comwared o the
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Table 4.2

Year class survival : Age classes compared.

Period of survival in years.

sutumn figures

. Total No.at
?i?;t secd-  .first
recorded iég§° ?gg’ 1 2 3 4 > 6
1969 300 274 1.85 148 99 89 68 54
1970 113 99 80 57 49 39 27
1971 57 50 39 34 29 25
1972 77 T4 62 39 28
1973 36 36 33 23
1974 27 27 24
1975 335 - 33
Totals in
ea. class 643 593 423 301 205 153 95 54
Prop. sur-. .
viving - 0.922 0.755 0.754 0.737 0.864 0.742 0.794
Mortality 0.078 0.245 0.246 0.263 0.13%6 0.258 0.206
Whether
glgnifi-
cantly
- diff.
from mean NS NS NS P£.001 NS NS

Higher
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average of 0.241. Ko convincing explanation for this pattern

can be adduced, (although it is also the asge at which most plants
first flower) and further work is required to test its validity.
The age groups of 4-5 years and 5-6 years show mortality rates
that are not significantly different from the mean. Seedling
mortality, when'adjusted for the length of time the seedlings had
been recorded (either 3 months or 6 months), is 0.258 p.a. which
is not significantly different from average. In swmmary, therefore,
mortality is age-independent from time of germination and through
all age-classes up to 7 years with the apparent exception of the

. 3-4 year age group which exhibits a significantly lower mortality.
On the basis that mortality is more or less independent of age
(ignoring the apparently reduced mortality at 3-4 years), it is
reasonable to calculate half-lives by analogy with radiocactive

decay rates, as discussed in Section 3.5. For Polygals amarella,

the half-lives of the originai 1968 mixed age populations vary from
1.41 years to 8.66 years, depending on the site (see Table 4.3).

In addition, there is considerable variation between the dilferent
age cohorts analysed up to summer 1971, although in no case is
there any statistical significance in the differential survival
rates of different cohorts. It is immedizately aprarent that

plants survive considerably better in site 6:1, on Widdybank fell,
with half-lives above average in every case, and these differeuces
are significant (P< 0.001). Survival raves in Black ark QCrOﬁkley,
Pink flowered, are also significantly higher than average, whilst
those in 7:1 (Widdybank) are lower. These inter site differences
are discussed in detail below, under section 4.7.4. Using the
"rule of thumb" that the total turnover of plants will normally

take vlace in a period of about 4 tiwes the calculzted half-life
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Table 4.3

Half-lives of mixed-age populations and age cohorts (in yrs)

Widdybank

Draba Black
6:1 7:2 T:1 stone ark sites (blue)
Mixed-age pop.
Aut.'68-Aut.'75 8.66 1.51 1.41 %5.30 2.24 2.04
Spring 1969
additions NR NR NR NR 2.04 NR
Summer 1969
additions . 5.3%33 1.93% 1.31 _1.65 3.01 2.31
Autumn 1969
additions 2,57 1.93% 0.50 1.98 2.89 2.17 .
Spring 1970
additions 4.07 1.98 1.50 2.04 2.77 1.98
Sumnmer 1970 | .
additions 5.3% 1.69 1.87 1.65 4.33 2.31
Auvtum 1970
additions NR NR NR NR 6.30 NR
Spring 1971
additions 4,62 1.51 No NR 3.4 3.15
deaﬁhs .
Sumner 1971
additions 5.78 1.12 NR 4.33 5.33 2.15




. Polyzala amarella

Table 4.4

Life expectancies for plants in each qguadrat

Calculated life expectancy
for known-age plants recorded

Quadrat from 1969 - 1975 (years)
6:1 - 8,05
T:2 2.86
7:1 | 3.55
Draba stone 3.36
Black ark 5.24

All plants 4.47
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(sce section 3.9), we can estimate the turnover time for plants

in site 6:1 to be in the region of 25-%0 years, 5-6 years in

site 7:1, 10-14 years for plants at Black Ark, Cronkley, and

8~10 years overall for the sites on Widdybank Fell.

Life expectancy values for plants at birth havé been
calculated for each quadrat, as explained in Section 3.5.3 (see
Table 4.4). These values confirm the susgestion that plants in
6:1 and Black Arc havé a greater length of life than plants in
other quadrats). For all plants in all quadrats, the calculated
average length of life, based on the formula 2-M is 3.65 years
(see Table 4.5). o
4.4.2 Lge structure of the population.

The age structure of a population reflects the annual mortality

and recruitment rates over the period during which it was formed.

Since Polygala amarella is a relatively short-lived perennial, a

high proportion (c. 90%) of the plants in the permanent quadrats
were of known-age at Autumn 1975, and reasonably accurate age
class distributions could be calculated for each site, as shown
in Fig. 4.4. Particular features of interest are shown by the
Draba Stone site, where the whole population is of known-age, .
reflecting the slightly higher mortality rate at that site; and
tge relatively hizh nroportion (67,5) of vlants in &6:1 that are
over 4 vears old, reflecting the lower mortality and higher
longevity figures recbrde for that site. The highef percbntage
of plants than expected in the 6-7 year class is a reflection of
the exceptionally nigh recruitment in 1969, which skews the
distribution towards the older age classes. A "model" age-class’

distribution for a porulation with 257% mortality and constant

- recruitment is presented for commarison, with which none of the

populations is very similar.
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4.4.% Annual mortzlity rates.

Considerable differences may exist between apparent annual
mortality rates according to the method of analysis, as discussed
in Section 3.5.4., although it is clear that there are certain
underlying trends. Table 4.5 compares the annual mortality of

all plants in all plots together, using Autumn records only, and
comparing the changes between one Autumn and the next relative

to the number of plants present at the start of each interval.

The mortality.of seedlings during their first spring and summer is
therefore excluded, but mortality over their first winter is
included, and any seedlings present at the Autumn record are
included in the population total. With these provisos in mind,

it was found that the overall mortality rate was 0.241 per annum
(i.e. on average 24% of plants die each year), and.that mortality
rates were significantly higher than average in 1969-1970 (0.3%20)
and 1971-1972 (0.312), but significantly lower in 1970-1971 (0.190)
and 1972-1973% (0.146). Mortality in 1973-1974 and 1974-197% was
not siznificantly different from averz;e. The overall amplitude
of these average values is 0.174, from 0.320 to 0.146.

Table 4.6 compares annual mortality in each site over the
period 1969-1975 using spring records. Seedlings are excluded
from the calculations until after their first winter. Analysis of
variance fails to detect any consisiently significant differences

betwecen years or between sites, but the more senszitive test using.

-

_X:Z, as discussed in Section 5.5.4, indicates that differences
do exist. Overall, the indication is that there is significant
difference in mortality rates between the sites, and between
years, (P<:0.00l in each case) but that there is apparently no
interaction between years and sites, i.e. different sites do not

anpear to react differently to diffsrent years. Further separation
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Table 4.5

Year class survival : Years compared.

Year Period of survival. Autumn figures.

first

recorded 1969 1970 1971 1972 1973 1974 1975

1969
original i '
pop. 129 89 T4 47 36 28 23
1969 274 185 148 99 89 68 54
1970 99 80 57 49 39 - 27
1971 50 39 34 29 25
1972 14 §2 39 28
1973 36 53 23
1974 . 27 24
1975 33
Totals 403 373 352 316 306 263 237
Propn.
surviv-
ing. 0.680 0.810 0.638 0.854 0.771L 0.776
Annual ' :
mortality 0.320 0.190 0.312 0.146 0.229 0.224
Whether |
signifi-
cantly
diff.
from av. PL0.001 PLO.01 PLO.0L .00l B NES
L H L H
lean proportion surviving 1528 _
4 5013 = 0.759
Mean mortality ' = 0.241

Mean length of life (2-M) _ 1.759 _ .
23 (5H) = 0482 = 3.65 yrs.
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Table 4.6

Annual mortality 1969-1975, spring-spring.

Sites
Years Draba | Jiddybang | Black
6:1 7:2 T:1 Stone | Averazes | Ark
Spr. 69-8pr. 70| 0.57 | ©.43 | 0.41 | 0.29 | ¥ 0.20 0.47%0.05 -
0.46
Spr. 70-Spr. 71| 0.13 | 0.24 | ©.26 | 0.%34 | ¥ 0.16 0.25%0.04
0.23 -
Spr. 71-3pr. 72| 0.10 | 0.41 | 0.23 | 0.26 | % 0.22 0.32%0.04
0.25
Spr. 72-Spr. 73| 0.15 | 0.27 | 0.39 | 0.39 | ¥ 0.20 0.24%0.05
- 0.26
Spr. T3-Spr. 74| 0.20 | 0.26 | 0.32 | 0.32 |1 0.10 0.18%0.04
0.25
Spr. 74-Spr. 75| 0.06 | 0.50 | 0.46 | 0.58 | £ 0.39 0.01%0.01
0.32
Site averages | 0.17 | 0.35 | 0.33 | 0.37 | ¥ 0.16 0.25
| 0.28 |
*0.33] fo.19| fo.16| fo.21 I0.27

Mortality here is calculated excluding seedlings until

after their first winter, and related to the adult

population at the start of each period.

eB.

In ™Jjiddybank Averages" column,

lower figure is the average.
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of the data, after inspection, indicates that the source of the
variation between sites arises almost entirely from plants in 6:1.
Mortality in this plot is significantly different to all others
(P<0.001), whereas, when.- this plot is excluded, there is no
significant difference between the other plots, and - in fact -~
virtually no difference at all. Similarly, further separation

éf the data indicated that the period Spring 1969 - Spring 1970
had a very different rate of mortality (P<0.001) compared to all
other years, and that when this was removed from the data, there
was no significant difference between the other years. The
difference between site 6:1 and the remaining sites persisted
whether 1969-1970 was considered or not.

In summary, therefore, it can be concluded that:-

l. There was no significant annual variation‘in mortality
over the period 1969-1975 except for the period from Spring 1969 -
Spring-l970, where mortality was éonsiderably and significantly
higher than average. .

. .

signirficantiy lower

§da

2. Site 6:1 shows consistently

%

n:

)

mortality rates than all other plots, amongst which no signifiicant
differences can be detected. This is reflected in the longer
half-life and greater Life Expectancies of éhe povulation in
this quadrat, and its significance is discussed below, in 4.7.4.
3. That there are no conclusive grounds for vbelieving that
plants in different plots react differently to each -other witn
rezard to the conditions in any given year; This does not umean
that no such difference exists, but simply that it is not

possible to distinguish any such efrect from the data. The

a

reasons for such annual differences as exist, and the possible
significance of the suzgestion that the plants in all sites react
in a similar fasiiion to a given set of aanual conditions

5, are

discussea further, with reference to other arecies, in
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Chapters 8 and 9.

4.4.4 Seasonz) wmortality patterns.

To attempt to understand the factors underlying the mortality of
plants of Polygala, or anj species, it is useful to discover the
period of the year in wnich maximum mortality takes place, if any.
Doody (1975) found that there was no significant recurring
differences between the specific survival rates in any particular
season for this species, over the period 1968-1972. However, as
indicated under Population Flux (section 4.%), there is evidencé
that mortality per unit time is greater duriﬁg the winter months
over the whole period 1968-1975. Table 4.7 shows the detailed
records of mortality in all plots for each season over the perioa
Autumn 13972 - Autumn 1975. The mortality figures are calculated
as the number of plants dying in the period related to the number
of plants at risk at the stapt of the period, excluding seedlings
until after their first winter. Analysis of Table 4.7 indicates
that mortality per period of time 1is considerably higher in winter
than in either of the other 2 seasons (PL0.001).

4.5 Recruitment.

4.5.1 Seedling recruitment rates. .

Polysgalas amarells reproduces entirely by seed, and since 25% or

f=1
[ 8

3
e

-

--1 I T the adult
morg 01 Tiie adwu X

S

15 die each year, the rote oF permincation
nd establishmeﬁt of seedlings is of great significance to the
species survival,. Tablé 4.8 shows the annual rate 5f récfuifient.
for each site for the period 1973-1975. Doody (1975) presents
comparable figures for the period 1969-1372, and his average

values for each site and year are shown below for comparison:-



Polygala amarella

Table 4.7

Seasonal mortality.

Sites
season
6:1 T:2 T:l gigﬁz Eiiﬁk Averages

Autunn 1972

Spring 1973 0.07 0.12 0.19 0.03 .07 0.09
Summer " 0.00 0.00 0.00 0.00 0.00 0.00
Autumn " 0.00 0.02 0.00 0.04 0.02 0.01
Spring 1974 0.11 0.15 0.18 0.15 0.09 0.12
Summer " 0.00 0.26 0.00 0,00 0.00 0.04
Autumn " 0.00 0.00 0.00 0.00 0.00 0.00
Spring 1975 0.05 0.26 0.27 0.35 0.01 0.10
Summer " 0.01 0.00 0.18 0.00 0.02 0.03
Autumn " 0.00 0.12 0.07 0.00 0.01 0.02
Site Aves. :

1972-1975 0.04 0.11 0.12 0.10 0.03 0.06
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1969 2.22 6:1 0.51
1970 0.40 73 0.67
1971 0.17 7:1 0.50
1972 0.27 Dr. Stone  0.69

Black Ark 0.47

It is obvious that 1969 was the best year for seedling recruit-
ment, in our sites, by a factor of over 5 times that of the next
most successful year (1970). Seedling recruitment over the period
1971~1975 has been,relatively, extremely poor. Analysis of

Table 4.8 indicates that there are no significant differences
either between sites or between yecars in recruitment values for
the period 1972-1975. Preliminary inspection of Table C in Doody
without reference to sample size, suggests that there were no
differences between sites over the period 1968-~1972, though annual
differences were observed, as described.

In the period 1972-1975, on average, recruitment in all sites
or in all years was below the-average mortality rate for the
period (0.24), and was only occasionally exceeded by records for
individual quadrats in a given year. all plots shoved a décline
in total nwrbers of plants in the populations over this period
and it is_apparent that occasional good seedling establishment
years are vital for the.persistence of the species. If recruit-
ment versisted at the average 1972-1975 level at barely half that
of the mortality rate, the population would die out completely
in 25-30 years.

In a preliminary attempt to understand the mechznics of
the period between seed dispersal zand seedling establishment,
and following the suggestion of Doody 1975 that seed zerminates
within a year after dispersal, a comparison between the anmount
of seed produced in one year with the number of seedlings

recorded in the following year was atvteuplted, see Table 4.9 velow.

4]
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Table 4.8

Annual recruitinent of seedlings.

Sites .
Year
. . . Draba Black 5

6:1 7:2 | T:1 Sggne Ari? Aves.
1973 0/86 11/47 5/31. 9/25 11/85 36/274

0.00 0.23 0.16 0.3%6 0.13 0.15
1974 13/69 7/35 3/26 0/26 4/80 27/236

0.19 0.20 0.12 0.0 0.05 0.11
1975 7/74 4/29 4/14 7/11 11/81 33/209

0.09 0.14 0.29 0.64 0.14 0.16
Averages 20/229 22/111 12/71 16/62 26/246 96/719

0.09 0.20 0.17 0.26 0.11 0.13%

The figures give number of seedlings per adult plant in
the population at the summer recording for that year.
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Tahle 4.9

Comparison between nuwnber of seeds produced
in one year with the number of seedlings recorded
tne following year. Widdybank Fell plots.

Seeds per 100 plants in | Seedlings in yr. (n + 1)
vear n, (Estimated). per 100 plants in yr. n.
4. . : b. _ b/a
1969 323 88 0.27
1970 303 22 | 0.07
1971 264 23 . 0.09
1972 224 ' 14 0.06
1973 120 2% 0.10
1974 - 111 14 : - 0.13
1975 48 22 0.46
Totals 1393 188 0,12 *

% calculated from the original numbers of seeds and
plants, and not as the mean of b/a.

Preliminary inspection of the ratios, and use of a simple scatter
diagram indicates that therc is no correlation at all between
these two variables. It is of interest to note that, on average
12 seedlings germinate for every 100 seeds dispersed, although
this estimate should be treated with 2 degree of caufioh on
account of the errors implicit in its calculation (See section
3.5.0).
4.6 Revnroductive verformance.

4.6.1 Age at first flowering and length of reproductive life.

During the period of study, Polygala amarella plants reovroduced
eantirely by seed, and, thererfore, the age at which plants may
first flower, and the number of times that they can flcwer are
critical factors, in addition to the amount and viability of the

seed produced after flowering. Table 4.10 incicates the

o)

istrioution of tne =zzges of plaats at their first Ilowering,
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Table 4.10

Length of life and flowering performance.

a) Ages of plants at first flowering.

Numbers and rercentages (in
Age group (yrs) brackets) of plants in each
age group.

Cronkley Widdybani Overall
0-1 1 (4%) 0 (0) . L (2)
1-2 5 (19) 3 (11) 8 (15)
2-3 | 8 (31) ~ 8 (30) 16 (30)
3-4 | 11 (42) 13 (48) 24 (45)
4-5 N 1 (4) 3 (11) 4 (8)
5-6 0 (0) 0 (0) o (0)

b) Length of time vlants have been recorded without flowering.

Number recorded for over
5 years without flowering,
from birth. 0 0 0]

Number recorded for over
5 years without flowering,
from original population. 6 2 8

Number recorded for over
4 yrs. without flowering,
from birth. 22 42 64
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using the data from the first two years' recording only, to avoid
bias as explained in Section 3.5.7. From this, it 1s apparent
that one plant has been recorded ag flowering in its first year,
on Cronkley Fell (although this may be a recording error) and
that increasing percentages are recorded in subsequent age classes
until a peak of numbers is reached at 3-4 years. A small nuunber
(8%) flower first at 4-5 years, and none are recorded flowering
at 5-6 years for the first time.

No plants have been recorded for over 5 years, from birth,
without flowering, although & few of the original mixed-age
population of plants (which may have flowered before 1968) have
persisted for over 5 years without flowering (see Table 4.10).
The sample size of plﬁnts of this age is too small for firm con-
clusions to be drawn.

Polygzala aumzrella is not monocarpic in the study area, and,

as Table 4.11 shows, may fegularly flower more than once. One
plant, on Widdybank, has been recorded flowering five times, and
although the short period of recording has made the observation of
many such examples unlikely, it is probable that very few
individuals flower so many times, in view of the short average
length of life of Polyzalz, and the fact that only one plant was
observed flowering four times.

4,.6.2 Bffect of flower production on survival of individuzls.
Overall, %25 of plants die within their year of first flowering,
the remaining 68,5 surviving either to flower again or die in a
subseqﬁent year. The average annual mortality of Polysalza nlants
is about 25%, so, although flowering may slightly increase the
risk of mortality, the sample is not large enough to be sure that

.

it is a real effect. It might be expected a_priori that a plant

e .

hat Tlowered ana set seed would be at greater risk, from
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Table 4.11

.Flowering performance

(Pink) (Blue)
Cronkley Widdybank Overall

Percentage of plants dying within

the year of first flowering 43 22 32
Percentage of plants that flower -

and survive to a further year 57 78 68
Number of plants flowering twice 7 21 28

Number of plants flowering three
times o 12 12

Number of plants flowering four
times 0 1 1

Number of planis flowering five
times :
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depletion of resources, increased chance of accidental uprooting,
etc., than a non-flowering plant. The proportion of nlants in the
Cronkley population that die within their yesr of first flowering is
considerably higher, at 43%, than the average VYiddybank figure (2273),
which is very comparable with the records from Gentiana (45%),
although the reason for-this higher mortality on Cronkley is not
clear but is perhaps associated somehow with rabbit-grazing.
Further, no plants on Cronkley Fell flowered more than twice.
4.6.3 Flower, fruit and seed production.
Plants normally begin to flower in the second or third week of lMay,
May
and produce indeterminate inflorescences that(ﬁérsist through the
swamer until the first frosts. BSeed méy be set from any of these
flowers, but later ones frequently ail to set seed, and tﬁe buds
around the tip of the inflorescence often fail to oren at all. Eszch
flower may potentially produce one capsule which contains a maxinum
of 2 seeds, although in many cases only one seed per capsule is pro-
duced, and, on averaze, about 1.3-1.6 éeeds are produced per capsule,
Tablie 4.12 below shows the nwaber of buds, flowers and fruits nro~
duced on average per flowering plant, gna the averaze number of
seeds produced per developed capsule. Overall, 16.5% of plants

produced an inflorescence annually (see Table 4.13).

Table 4.12

Annuval Tlower, fruit and sesd vnroduction. ieans
ver flowering plant, seeds per ri

Year Site 2udas rlowers ruits Seeds
1973 Widdybank 17.4 15.1 9.0 1.5
| Cronklev R . HR NR AR
1974 didayvank 1z.0 7.0 6.9 1.5C
Cronkley 12.3 9,1l 7.3 1.3%9
1975 Widdyvank i2.2 1.5 4.9 1.33
Cronitlevy R NR HR 1.29
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Table 4.1% shows thie annual percentage of plants that
produce flowers in each site. The average nercentage of plants
producing an infloregcence in a year are 16.5%, but there is
considerable variation between sites and years, from about Ti
in several records_to nearly 505 in 7:2 in 1975. Analysis of
variance, using trunsformed data, and bearing in mind the proviscs
of section 3.5.2 indicates that there are very significant
differences between years and between sites, with no evidence of
interaction between sites and years (using Widdybank data only).
Between sites, 6:1 is siznificantly lower than averasze (P<0.001)
and 7:2 is significantly higher théﬁ average (P<&0.001). Between
years, 1974 is significantly lower than average (P<0.00l) and
1969 and 1975 are significantly higher than average (P<0.001
The figures for Cronkley (Black Ark) given separately parallel this
pattern, except for 1975, where there.was no recorded flowering.
4.7 Life cycle and reproductive strateqay.
4.7.1 3recies dioslogy summarj.

Polyusala amarella is a short-lived evergreen perennial re-
[&] B

vroducing entirely by seed. It may enter the reproductive phase
in its second year, but most individuals flower first when they

are 3 or 4 years old, and they may continue to flower continuously

exrectang
many zlants can live nuch lonzer than this, and the estimatsd
average total turnover time, based on the original mixed-age

populations, is 8-9 years, (although in one site it may be as
hizh as 35 years). The annual mortality rate of all plants,

excluding seedlings, calculated over the period 1969-1975 has
heen 0.241, vwith 2 much higher rzte of disaupearance over the

)

winter period than ithe swuzier.



Percentage of plants in each sample

Polyeala amarella

Table 4.173

producing flovers

Site
Year ) Total Black Ark
b:l T:1 1:2 D.S Widdybank Cronkley

1969 20.0  34.5 32.5 16.7 28.2 14.1

1370 16.1 18.7 18.9 7.3 15.4 8.9

1971 13.3 10.9  23.4  14.7 16.0 12.7

1972 9.6 11.8 29,3 20.0 14.8 20.5

1973 7.8 1.9 30.9 12. 15.1 5.7

1974 7.4 17.8 12.5 8.0 10.5 4.5

1975 9.5 21.4  48.3 27.3 21.1 0.0
Averages 11.0 16.3 26.0 13.3 16.5 9.4
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On average, 16.5% of plants flower in any one year (although
there are considerable variations between years), and these
nwabers  consist of a variety of ages of plants, with some plants
flowering for the first tiwe, others for the second, third or
fourth time. A flowering individual produces a branched or un--
branched infloresceace, which continues to expand through the
summer and which may produce up to 30 (or, very exceptionally 50
in the case of a vigorous branched inflorescence) flower buds.

A nunber of these, particularly the ones which develop later,
clustered around the apex, fail to open and cannot produce seed.
Phose flowers that do open may produce a capsule which contains

uy to 2 seeds, although frequently there is only one. Knuth

(1906~9) after Miller states that Polygala amarella may be insect-
pollinated or self—pollinated, cross or selfed, although Fearn
(1971) and Elkington (1978) indicate that it is inbreeding, and
predominantly self-pollinated, in Teesdale. No aoubt the contin-
ental populations studied by Midller lived under different conditions

vears to be the rule in Yeesdele.

and inbrecding ap;
lThe seeds themselves are relatively heavy, (ave. 0.86mg*,
Marren unpublished data) and about lmm x 2mm in dimensions.
Dispefsal of seed is apparently very restricted (Doody 1975)
although the seeds possess two elaiosomes (oil bodies) which may

assist dispersal, as described by Ridley (1930) for 2. vulgnris:

"This oily suostunce is very aitractive o ants, and they seex’

for fruits and seeds so furnished, and carry them to the nest, very
frequently eating off the oil body on the way and then dropping

the seed". Sheep often graze inilorescences with ripe seed, and

this may be voided in a viable state, in the manner shown by a

¥ Averzze of 122 seeds from three years.
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number of other species (e.g. Hansen, 1911; Ridley, 1930). A
search was made for viable seed in collected sheep droppings ovut
none was detected, as one might expect for the seeds of a species
with such limited distribution and fecundity. However tnis method,
counled with occasional longer distance accidental dispersal Ly
mammnals (and especiclly man) may allow new colonies to establish
infrequently. The number of germinated seedlings recorded has
varied considerably, around an average of 28 per 100 plants per
year, from 222 per 100 in 1969 to 11 per 100 in 1974.
4.7.2 Life cycle.
Using all the average data collected over the 6 years, it is
nossible to construct a stylised life cycle diagram for the
behaviour of the species on Widdybank ¥Yell. "Although it is not
representative of any particular year, and a number of. assumptions
are nmade in its construction, it gives a useful indication of
those points of the.life cycle where loss of individuals or

potential individuals occurs.

a e

The dizgran (Fiz., 4.5) is based on the following figures
= (] [ ] U

nd assumptions:

™

1. An annual average mortality of 25% (in fact 24.1%) for
adult plants as calculated from Table 4.5.
2. _An annual average flowering percentage of 165% (actually

15.5:; see Yavle 4.1%; i.e. 16 plants amongst every 18

N
~
& o)

produce an inflorescence, or start to produce ozne. _

3, Figures for a %5# loss between buds and Ilowers, 247 loss
between flowers and fruits, 27 loés between ovules and
seeds, zand a 35% loss of inflorescences before seed is shed
are considered, but are not part of the calculation since
the nunber of seeds produced was counted directly, and

therefore reflects these losses.
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4. An annual average production of 145 seeds per 100 rluantis.

5. An annual average recruiiment of seedlings of 17 per 100
plants. This differs from the figure quoted above (28 plants
per 100) because the period 1970—1976.has been considered,
in order that this may be directly compared with seed produced
over the period 1969-1975. Seedlings recorded in 1969 were
vital for the species survival, but they have not been
included in this analysis since the amount of seed from which .
they arose is unknown, and they give the impression of a
better ratio of seedlings germinéted ¢ seeds produced than
is really the case.

6. Emigration is assumed to be equal to immigration, although
this may not be the case. |

7. Seed viability is known to be + 10G:5 (Doody, 1975) under
optimum conditions, and assumed to be similar on the Fell.

8. Flowering is assumed not to affect the mortality of plants.

9. Overvinter loss of seedlings is calculated as a 25% loss over

[ 1 ey s e O 3
a o aLnd 9 Luo.-'.l.‘b‘ll 1S 10G.,

Two factors stand out. Firstly that the population is declining
at this observed average performance. As described, the except-
ionally favourable seedling year in 1969 has been excluded, and

- 3 . 1 vy BT I3 = e 3m oe . Se . , . N 3- = e o N
it is immediztely clsar thct sucn yezrz ere viwel 1o tne specie

[0}
D]

survival in Teesdale. Secondly, the greatest single loss of

potential individuals occurs between seed sroduction and seedling

-

germination: 88,0 of seeds are lost, despite tlieir reasonably
large size.

4.7.3 Factors operating at each stage to reduce the intrinsic
rate of increase ot the populution.

a. Mortality of established wlants. This acts at a more or

b R T B P 3 wagn 2e v 2 - 4 N o [ B UL T . oy A
less coastant rate, irrespective cf the zg2 of the plant.

Tiiere may oe variation between years, althougn only one
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year 1569-1970 was found to be significantly different
(P<0.001) to the others. Since wortality is more or less
independent of ayge for all plants including secdlings, it
may be presumed that such a difference is due to some widely
operating external Tactor, such as climate, or alteration of
grazing level that has affected all plots similarly.

Site comparisons, however, indicate that there is no intrinsic
rate of mortality for the species under Teesdale conditions.
Between most plots, there was no significant difference in
mortality rates, but 6:1 had hignly significantly lower
mortality (P 0.001) than all other plots (sect. 4.7.4).
Moreover, plants in this plot had a greater life expectancy
than those of other plots (Table 4.4), a much higher mixed-
age population half-life, and a higher half-life for most
additions up to Sumwer 1971 (Table 4.3). Plants in 6:1 had
an estimated turnover period, based on the half-life of the
mixed age vorlation of almost 35 years, compared to 8.3 vears
for the Widdybank averzee, or G years for the "poorest" site.
Site 6:1 had one oif the larger poprulations, so there are no
grounds for supposing that this very mariked difference is
spurious. Accepting that plants in 6:1 are genuinely long-

Nl
u..ad.e

i,

aAcT2rE

=

ilived, tiea iv is ascessary to zccept that su=li-~

4}

cnably

operatin.; within a given climate, and within a rea

/4

homogeneous vegetation (in general avppearance) can have a
very considerable efiect on the length of life of individuals
of this svecies, and that this difference is consistent.

This is discussed further with reference to site differences
(Sect. 4.7.4) but it is relevant to consider here the likely

causey of mortality of adult plants. These include: removal
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by herbivores; drought, either actual or "physiological";
conpetition, for space, nutrients, light etec.; below-ground
.predation; slug, fungal, or other comparable danage sufficient
to cause death, perhaps in combination with other factors;
rotting of rosette or rootstock; instébility of substrate
causing partial or complete uprooting; irherent mortality.

It is of interest that mortality is significantly higher
(P<0.001; see Table 4.7) in winter per unit time than in
sumpner. Grazing, flowering and fruiting, and probably growth
are all more or less confined to the sunmer 6 months,
suggesting that other factors are more inportant in determining
the total mortality. If, however, the spring record was
taken some time after the first growth had been made, early
growing season mortality (often found to be a major MOrtality
period) would be included in the winter figures, although it
is unlikely that this could account for all the seasonal
mortality differences, and the first spring record was
normally intended %o be av the start of The growing season.
It would certainly seem pfobable, generalising from other
plants a nriog;.ﬁhat considerable mortality might take place
as growth started in early spring, but was halted by the
severe spring Ifrosts that rezularly occur.

The majority of these factors, particularly as the mzjor

factors are unknown, are difrficult to control in a natudral

(4]

situation, and - for conservation purpozes - it is best to

n

accept the high turnover rate until more information i

-available.

o)
(3]
4]
O
[¢7]
[eN
w
©
=
(0]
|
Q
0
ch

Abortion ¢f buds. A high number of potgnti

in this way, althoush the high subsesuent losses of fruits,

£
0
2]

ovules, whole inrlorgscenceg, and seeds in tne soll ren

(&4
'y
O
l_l

the loss lecs significant. The losg is difficuls to con
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although it is probable that increased growth under nro-
tection from grazing would allow morec buds to develop to fruit.

Loss of flowers. 24% of flowers do not develop into fruit,

excluding those lost when whole inflorescences are lost.

This may not be an accurate reflection of the normal situation,
as the sample available was small. Presumably the losses
result from inadequate pollination, desiccation, pfedation,
damage, and inherent factors. These are not easily controlled:.

Loss of ovules. Each capsule may develop a maximum of 2 seeds,

although in many cases they do not. 277 of ovules do not
develop into seeds, in this way. Presumably noor pollination
is the cause, or inherent infertility, although it woﬁld be
useful to have data for populations in differentlsituations,
or the present population in the absence of grazing at

flowering time.

“trial basis, over very limited aress containing Zlowering

Loss of whole inflorescences. 35% of inflorescences (using

R

()

data from two vears only) may disarpear, and their 1

55 13
presumed to be due to grazing by sheen or rabbits. Their loss

represents a very considerable loss of potentizl new plants,
despite the disappearance of seeds in the soil subscquently,
and the renedy is clear, providing other factors can be kept

reasonably stable, i.e. grazing should ve prevented, 02 &

Polygala vlants for as short a time as necessary. The results
should be closely monitored, preferably on the lines set out
in this study, with adjustments imade if necessary.

Loss of wviable disnersed seed. PYolvsala seeds avbvareantly

distributes itself over a very short distance, and naging 2
nunber of reasonable agssumotions, as descrived, it anpears

that 88,5, on average, of seeds never come zbove sround as
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secdlings. This is, clearly, a highly critical phase of
the life-cycle yet it is the one about which the least is
known. The possidble cuuses of this loss are manifold, and

include: predation by invertebrates* or small mammals

" desiccation; loss of viability; below ground (or otherwise

unseen) germination and subsequent mortality; excess of
enigration over immigration e.g. if there was an ants' nest
nearby such that seeds tended to be moved out of the quadrat
towards this; irreversible (within the period of viability
of the seeq)burial; disease and rotting.

No estimates can be made about the relative importunce of
these possible factors, nor whether a particular one, or any
others,.operates at all. DMuch of this mortality could, no
doubt, be overcome by manipulation - i.e. collecfion of the
seed, storage in ideal conditions over winter, followed by
distribution at the optimum time in spring - carly sunmer.
There is no evidence of a freezing requirement (Ddody, 1975),
and indecd freezing appears to delay germination (Doody,
unpublished data). This particular suggestion is made only
because it is clear that the Teesdale population of Polygala

ararella is seriously endangered.

S seadlin.s moriulity, Secdling moriclity occurs at a rate
similar to that of adult plants. Similar factors orerate to
cause nortality, although grazing by large hervivores is
unlikely to be a factor, whereas damage by slugs, snails or
other ground-living invertebrates*+*is likely to be of
particular importance. .

* Coulson and Whittaker (1977) and Coulson (1978) give figures
for the soil fauna dry weights and rumbers ner "%  in Teesdzle
limestone grassland. Jenatodes and Craneilies, for instznce,
ars etceeﬂwnML agundant, with fsll over 1 million nematcics
per [~ of 5rassland.

*x

Coulson and Whittaker (1377) record the presence of 16 speciexr
of snails and slugs in Upper Teesdale.
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h. Percentage flowering. Only 16% of the plants in the

population produce flowers, although 865 is of an age

capable of doing so (see Fig. 4.4,. It has been shown that

site factors and annuzl factors both affect the percentage

of plants that flower, in some way, and it is likely, there-

fore, that other more controllable factors may also influence

this percentage, e.g. grazing may tend to reduce this
percentage by reducing the vigour of plants and their ability
to recover after flowering, and »ossibly by gradﬁally
selectively removing the more floriferous plants.
4.7.4 Site differences and their significance.
It has been mentioned several times that consistent differences
exist between'plants in serarate sites, and that, in some cases,
these have been shown to be highly significant.. The observed
differences, in suwamary, are as follows:-~

1. 6:1 has a lower mortality (P<0.001), higher half-life
for its mixed-age population and subsesouent age .ohorté,
and .gzreater life expectaacy for individuals than all
other sites,

2. ©6:1 has the lowest annual flowering perceantage (P<< 0.001),
and 7:2 has the highest (P-4 0.001).

3. 6:1 has trhe lovest anaual average recrultment of seed-
lings, althouzh the difference was not sthn to be signif-
icant.

The general significance of observed site difrferences is discussed
in Chapter 9. It is discussed here only with respect to tlre

dynamics of Polvzala amarella. 6:1 is clearly very different in

sone way from the other Polysala sites, wet it is difficult to be
———— | Y

y-graced turf,

|._J

surc why. ©6:1 lies in reasonably stzble, close

(sec sect. 4.2) awsy from aay erodias susar lirestone ed.es, on
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a gentle west-facing slope. The remaining three Widdybank sites

have similar aspects generally; Draba stone is very atypical in

that the site lay over a boulder on which the Yolvgala was growing

sl S0 <b Botfalioiy
in a mogss/lichen substrate. Part of the site consisted of bare
rock, and part of dense Calluna. Guadrat 7:1 was apparently

similar to 6:1, with a closed turf of Sesleria and Festuca ovina,

although it was probably damper as indicated by the presence of

Plantago maritima. Quadrat 7:2 was also apparently similar to

6:1 and there was no particular evidence that it was damper. Both
quadrats at 7, and 6:1 are grazed heaviiy. Thus, no obvious
environmental differences suggest themselves as possible causes
of the lower mortality and lower flowering and recruitment at 6.
The three factors are to some extent interdependent, and the
possible reasons can simply be guessed at as differences in
drainage, or other hidden environmental factors, competition from
surrounding veéetation, or some combination of these, or recent
historical factors (see Chapter 9). :

4.7.5 Reproductive strategy.

The main features of populations and individuals of Polygala in
Teesdale have been described. In swmmary, the species reproduces
entirely by seed. Plaznts normally enter the reproductive phase
2% 2-4 vears old, and may then continue %o revroduce for sone

ears. After flowering, a reletively small number of guite large

<

seeds are produced which can zive rise to seedlings with as high
a likelihood of survival as adult plants. The average rate of
loss.of individuals from the population is about 257 per annun.
The general strategy is thus a cautious one, with a small prop-
ortion of the individuals producing quite a small number of large
seeds, and the intrinsic.rate of increase is not high in com-

varison to many plants, (e.z. Selisoury 1942). Folvzala is

<,
\.

jS 5

generally a plant of cloged or reasonably closed vegetation.
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Since it has no ethod of vegetative reproduction, it is essential
that seedlings establish as fast as plants are lost. Seedlings
are, clearly, able to establish themselves in closed turf, and,
although the loss of seed is high, the survival of seedlings is
good. The ability of plants to persist in the turf for a number
of years, and to flower repeatedly are of evident importance to
the species, although the losé rate is much higher than for many

seed-reproducing perennials (cf. Viola rupestris, and the work of

Tamm, 1956,1972), and the population suffers accordingly.

In Teesdale, Polysala amarella is considered to be a habitual

inbreeder, (Fearn, 1971), and thus its innate variability is
likely to be low. Its presuned survival from before the Forest
maximum in apparent relative isolation (Elkington, 1978) suggests
a degree of ability to cope with changing conditions, but we
cannot be certain that it was not an outbreeder at soime stage
previously (cf. Knuth, 1906-9), and we may be looking at the
remnants of a once more varied porulation that have now less
flexibility to survive chﬁuging conditions.

It is not possible to generalise from observations on the
Teesdale plants to those of other areas in Britain. A population
in Wharfedale, observed briefly in 1974, showed a number of
obviousiy different charzcleristics. Tne plants were vigorous
brancred structures, and their size, and dizmeter of the woody
rootstock susgested a considerable age. Very large numbers of
flowers were produced (224/rootstock*) by an apparently high
proportion of the population (c. 707, in a small sample), and

larze numbers of seed were beginning to set. The situation was

* from a sanmple of 23 plants, ay 1974.
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at a much lower altitude, further south, and with limited
grazing pressure from cahie only, and the plants have had

guite a different history. The evidence therefore suggests

that their life stratezy, and their success are different to the

porulations studied in Teesdale.
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Chanter f'ive

Gentiana verna

5.1 Introduction.

Gentisna verna is a native of Britain, confined to two widely

separated areas, one in YWestern Ireland and one in Upper Teesdale
and adjacent areas. Within each of these relatively large arcas,
the plant is locally abundant, although it is a protected plant
under the '"Conservation of ¥ild Creatures and Wild Plants Act, 1G75"
and is listed as an endangered species by Perring and TFarrell, 1977.
It is a small, perennial evergreen herb, with a fibrous root
system, and the capacity for producing short underground stolons
which emerge to end in a tuft of leaves. Elkington (1963) records
that these stolons may be from 2-15cms long, branched or simple,
although observations on. plants in cultivation in Durham have shown
that stolons of at least 25cms may occur. The rosettes thus pro-
duced become indistinguishable from those produced from seed,.and
they mzy thenselves produce stolons when established. In this
study, all rosettes that were not demonstrably attached to anotshner
were regarded as individuals, the units of the population, and it
would appear that the vast majority of the plants in the populations
under study were produced by this method of vegetative reproduction.

Anderson (1961) described Gentiana verna as "Delightful, but

often short-lived" in gazrdens, and voth Zlxington (1963) and -

Bartlett (1975) record that wild-coilected plants have survived

for up to 4 years in cultivation. It is thus generally recognised
as a short-lived plant, often, though by no means always, dying
after flowering, although plants apvear to be capable of persisting
in the vegetative state for at least 7 years. It is apparently

completely frost-~hardy.
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In Teesdale, this species is largely restricted to open
grassland, and is intolerant of shading or intense competition.
It occurs almost entirely on grassland overlying "sugar limestone"
or unaltefed linestones, generally on the slightly damper sites,
but it may also occur in grassy patches amongst heather (Calluna

vulgaris), Crowberry (Empetrum nisrum) or other dWarf shrubs.

5.2 Study sites.

. 8ix separate permanent quadrats with associated sample plots were

established, five on Widdybank Fell, and one on Cronkley Fell.
Quadrat 1:1 lay in heavily sheep-grazed closed turf jﬁst above

a nmarkedly flushed area. The dominant grass was Festuca ovina
H

with smaller amounts of Koeleria gracilis, Briza mediz, Carex

panicea and C. flacca, Galium sterneri, Selaginella selacinoides,

Prunella vulgaris, Linum catharcticum and Cawmpanula rotundifoliz.

Doody (1975) shows a map of the vegetation in one metre oi this
gquadrat in 1970. The quadrat is two mwetres long, and there was
little observable change duriﬁg the period of study, except that
one corner and edge progr ively eroded into the adjacent hollow.

Quadrat 4:) was 3 metres long. It had a vegetation cover of

closed, heavily-grazed turf consisting largely of Sesleria caerulea

and Festuca ovina, with a large clump of Czalluna vulgaris and more

. [ 3 . W T T P : n o2 : ~ E l4l . Pt I -
scattered plants of =cvresiz simpiiciuscula, Carox Ilacca,

Camnamala rotundifolis, Poientilla erects, Thymus drucei,

Antennaria dioica, Polyszonum vivirvazrum znd Selaginella selaginsides

The plot lay near the top of a knoll, a few metres above an
extensive soring-head area. 4 limestone boulder abutted on to the
quadrat, and this may be a significant factor in increasing the
water supply to »art of the quadrat, by increased runoff, in the

nmanner ovserved by Savile, 1972.
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Quadrat 7:2, which was also recorded for Polygala amarella,

was closely-grazed and dominated by Festuca ovina and Sesleria

cagrulea, with smaller anounts of Helianthemum charaecistus,

Hieracium pilosella, Lotus corniculatus, and significant amounts

of the mosses Dicranumn scoparium and Rhacomitriun lanuginosum.

The quadrat lay on thin sugar limestone soil, and was apparently

drier than other gentian quadrats.

Quadrat 8:3, 2 metres long, contained considerable quantities

of Calluna vuliaris in a turf of Kobresia simwliciuscula and

Carex flacca, with lesser amounts of Potentilla erccta, Polysala

serpyllifolia and Selaginella selaginoides. A major sheep track
passed very close to the quadrat.

Quadrat 8B:4 was situated in a humrocky area adjacent to a

large area of Calluna vulgaris. Both Calluna vulgaris and

Empetrum nigrum were- present in the quadrat, and the grazing

=)

pressure was generally rather low, allowing a much taller turf

development. The dominant

fema s e 9 4. £ . -~ 1
;resses in the turd vere Sesleria

caerulea and Festuca ovina with smaller awmounts of Koeleris sracilis,

Briza media and Kobresia siwpliciuscula. Associated species were

Campanula rotundifolia, Thymus drucei, Viola lutes and Polyzonun

viviparumn,

Cuadrat 10:1 on Cronkley Fell was situated iasicde a lar

exclosure. oh

¢4

ep ware excluded, and azlthough Doody (1975) reczorded
that there was very little rabbit-grazing over the period 1969-1972,
this increased considerably in subsecuent years, and the hummock in

the quadrat was used as a "latrine" for atl least 2 years. The

turf was dominated by Sesleria caerulea and Festuca ovina, and was

very well-grazed, although not by sheep.
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5.3 Population flux.
Seven years of recoréing have revealed no very clear-cut treunds
in the Gentianz populations on Widdybank or Cronkley ¥Fells except
that the overall numbers of rosettes appears to be essentially stable
On Widdybanik Fell (Seec Fig. 5.1 and 5.2) there are shown to be
constant fluctuations and a generzl increase in the total nurbers
of rosettes in all quadrats, with the fimal Autumn 1975 record
46 plants (14%%) higher than the Spring 1970 record. A peak of
plant numbers was reached in early 1971 (corresponding to a pezk
in several individual quadrats), and the initial Spring 1970 total
of 330 plants was the lowest recorded. The fluctuations-are a
facet of the relatively short life of individual plants (mean
3.2 yrs), and-the mechanics of these champges are shown in Table 5.1.
It is noticeable that the fluctuations do nov have a particular
seasonal pattern, although the spring figure is often the lowest
of the three records. within a year. This reflects the obsefvation
that production of new rosettes is significantly lower per month
in the winter pericd (P<L0.001) while mortality remzing more or
less constant throughoutv the
The rapid increase through 1970 to Summer 1971 can be seen to
be.caused largely by a much higher than average number of additions,
with about average mortality. Individual sites show a generally

> )

similar patiern to tne total figsures, with Frsguent fluctuaiions.
& ('] s -

I}

411 sites except 7:2 had more pPlants in =t the end of recording
than at the start. No site nade especially marked gains, although
4:2 showed a 75/5 increase over one 2-year period, much of which
has subsequently been loct.

5.4 HMortality rates and Life expectancies.

5.4.1 As indicated briefly under Population flux, rosettes oI

Gentiana verna have a relatively short life, estimzted at 3.2 years,

on average, with 2 mean annual loss rete of 20-30m of il glants

\
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Gentiana verna
Table 5.1
Separate additions (new rosettes) and mortalities

in Widdybank Fell permanent plots

Season Additions| Mortalities | Change in pop. | Total pop.
in each in each numbers + or - | numbers
season season

Autumn) 1969 (96)*
Spring) 79 77 +2 330
Summerg 1970 91 28 +63 393
Autumn; 54 30 +24 417
Spring) 75 61 +14 431
Summer) 1971 40 43 -3 428
Autumn; 25 42 -17 411
Spring) 30 50 -20 391
Summerg 1972 50 . 36 - +14 405
Autumng 26 27 -1 404
Spring) 12 47 -35 369
Summer$ 1973 29 6 +23 | 332
| Autumn§ 50 35 +15 407
Spring) 18 60 -42 %65
Summerg 1974 47 44 +3 . 368
Autumn% 25 18 +7 375
Spring) 34 63 -29 349
Summérg 1975 31 |16 : ¥15 364
Autumnj 43 31 | +12 376

( )* includes an estimated figure
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(Tablé 5.5), although considerable variation exists between

sites and years.

5.4.2 Age specific mortality..

Graphs showing the decline of plants in individual year cohorts
plotted on a log scale against time (Doody, 1975) indicate that

the mortality of plants may be exponential, and a function only

of numbers of plants and not of their age. TFigures for age cohorts
frowm all years viere therefore pooled and compared over their life
span for mortality rates in each age-class (Table 5.2) using dats
from all Widdybank Fell sites.

As explained in Section %.5.3%., the study has not continued
long enough to allow the comparison of equivalent numbers in each
age class. There are decreasing nuubers of plants being considered
in each age class, and there is thus an increase in the variance
of estimates as the sample size becomes smaller. Preliminary
inspection of the déta indicates that mortality is highest among
1-3 year-olds, particularly from 1-2 years, butzaJCZ test on all
the figures indicates that there are no significant differences
between the survival of age-classes, even at the 5% level. The
variation in mortality rates amongst different years precludes any
clecar distinctions from being made. It rust be assumed, thereiore,

that mortality in Gentiana rosettes is inderendent of a

e, although

-
i
-~

there are indications that mortality may be higher among 1 to 3 year

0

old nlants, and more or less constant acongst all other age classes.

I'e

On the assumption that mortality is. inderveandent or age, it is
reasonzble 10 calculaste half-lives for the vopulations in e=ch
quadrat, as an indication oi the length of life of plants, and

the rate of turnover of populations. Table 5.3 shows the hali-

lives o the mixed-a:ze populations and subsequent additions up to

- Ly

o)

1971 in each site, calculaved on tlie vasis oi the nuncer reainicg



Gentiana verna

Table 5,2

Year class survival : Age classes compared.

Year Period of survival in years .

hyy = -
R$£§t 0 1 2 2 4 o)

1968  Incom- Incom- 138 91 66 51
Mixed-~ plete rlete
age

1969
adds. 104 71 51 34 27 20

1970
adds. 208 151 107 86 68 50

1971
adds. 118 96 T3 52 38

1972

ladds. 101 81 54 39

1973
adds. 89 57 34

1974 |
adds. 88 6%

1975
adds. 106

Totals

in ea.

year

class 814 519 319 302 199 121

Prop.
survi- .
ving 0.733 0.700 0.714 0.757 0.752

izort. 0.267 0.300 0.286 0.243 0.248

Siznif- |
icance N3 NS NS NS NS

36

17

53

0.746
0.254

27




Gentiana verna

Table 5.%

Half lives of mixed age populations

and age-cohorts (in years).

-~

Sites |

Cohort 1:2  4:2  7:2  8:3 8B:4 Cronkley oir
ilixed age pop. 1.78 2.24 1l.44 1.16 2.57 2.48 2.35
Aut. 1969 adds. 1.09 3.30 1.82 NR  2.17 NR
Spr. 1970 adds. 1.93 2.58 6.30 2.39 2.57 NR
Sum. 1970 adds. 2.39 2.17 3.01 1.93 5.33 2.48 2.48
Aut. 1970 adds. 1.93 2.04 0.39 3.15 3.85 1.93 2.17
Spr. 1971 adds. 1.65 2.39 2.24 4.62 1.41 1.09 | 2.10
Sum. 1971 adds. 1.24 2.39 4.33 4.95 3.47 3.01 2.89

Calculated to Autumn
out previously.

1975, except

where

cohort had died
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at Autwan 1975. In Site 8:3, none of the original population was
left at Autumn 1375, ana the half life was therefore culculated
up to the last record of any plants remaining. On the basis that
half life is roughly 3+ of the total turnover time, we can estimate
total turnover times as.follows, based on the original mixed-~age

population half-lives:-

Table 5.4

Estimated total turnover time of
plants in each site.

Site Turnover time, years, approx.
1:2 7
4:2 9
T:2 6
8:3 4%
8B:4 10
Cronkley 10
Overall . . 9

The differences are by no neans as marked as in Polyzala, but
there are indications that plants live longer in site 8B:4 and
possibly Cronkley, although the variation amongst individual

~ = T P ‘- -
vegr-claszes iz groavw.

5.4.3 Life expectancy values.

Life exnectancy values (Le, have been calculated fof plants.iﬁ
each site, as explained in 3.5.3., based on the recorded length

of life or projected length of 1life of all individuals added since
recording began. The figures for plants in each site are presented

in Table 5.4b below.
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Table 5.4b

Life expectancies for individuals in each
site based on the period 1969-1975.

Site Le (years)
1:2 3.18
4:2 4.85
T:2 3.62
8:3 5.07
8B:4 5.65
Cronkley * 4.11
Average 4.%4

¥ (Calculated over the period 1970-1975 only.

These figures give a Sll“htly different indication of which rlots
have the longest-lived plants (the technical reasons for the
difference between Le and 3-life estimates are discussed in 3.5.3),
although plants in 8B:4 again appear to have the longest life-span.
The average length of life of all plants over all quadrats, using

the Tormula:

Li = 2=M where M is the annual mortality

is 3.16 years (see Table 5.5).

5.4.4 Annual mortality rates.

Table 5.5 compares the zanual wortality of all plants in ldadyovans
sites} unsing Luwtumn re -' rds cnly. Thne figures represent the number
at risk in each autumn and the number surviving at the subsescuent
autumn, and the vroportions surviving each year overall are
éalculated. Thus the mortality or new rosettes between apwearance
and their first autumn is notv included.

The average annual mortality over all years was 0.273 (i.e. an

n‘

average of 275% of plants die each year), and znalysis of the tzable

as eXx

o]
=
v
’—l-

]
[{]
e}
H
o}

section 3.5.4 sugsests that there are no 4ifersnces

{ l"



Gentiana Verna

Table 5.5

Year class survival - Years compared.

A1l Widdybank plots, Autumn figures.

Period of survival

Year
Class 1968 1969 ~ 1970

1971

1972

1973

1974

1975

1968 Incom- Incom-
orig. plete plete 138
pop. records records

1969
adds. 104 T1

1970
adds. 208

1971
adds.

1972
adds.

1973
adds.

1974
adds.

1975
adds.

Totals - 104 417
Prop.

Survi-

ving. 0.683

Annual
I'IOI't . 0 . 317

Signif-
icance NS

91

51

151

118

411

0.703

0.297

66

34

107

96

101

404

51

27

86

3

81

89

407

0.787

0.213

N3

36

20

88

375

0.705

0.295

NS

27

17

50

. 38

Mean proportion surviving

Mean mortality = 0.273

Ave. length of life (2-})

It
[
1
S
O
]
O
-3
[)¥]
-3

1.727 = %3.16 years

(24 ) 0.546



Gentiana verna

Table 5.6

Annual mortality

Sites Annual
1:2 4:2 T:2 8:3 8B:4 Cronkley Averages

Autumrn 1968 -
Autumn 1969 0.46 0.26 0.49 NR NR NR (0.37)
Autumn 1969 -
Autumn 1970 0.66 0.25 0.46 NR 0.38 NR (0.39)
Autumn 1970 - |
Autumn 1971 0.40 0.33% 0.25 0.52 0.27 0.25 0.%4
Autumn 1971 - .
Autumn 1972 0.29 0.22 0.39 0.31 0.24 0.25 0.27
Autumn 1972 -
Avtumn 1973 0.34 0.28 0.27 0.03 0.10 0.22 0.24
Autumn 1973 - .
Autumn 1974 0.35 0.29 0.3%% 0.36 0.18 0.31 0.30
Autumn 1974 -
Autumn 1975 0.26-0.31 0.26 0.20 0.38 0.31 0.29
Site
Averages 0.39 0.28 0.35 0.29 0.25 0.27 0.29




_75...

in mortalify between years. However, this method of mortality
analysis does not take into account site differences, assuming
that they all behave in a similar fashion. Table 5.6 shows the
separate annual mortslity figures for each site, and these are
analysed by the considerably more sensitive method explained in
3.5.4. For the purposes of analysis, sites 8:3 and Cronkley were
excluded so that all years could be considered, and a figure for
8B:4 Autumn 1968-Autumn 1969 was calculated using the standard
"missing-plot" technique (Bailey, 1969). This analysis indicated
that significant differences existed between sites (Pp<L 0.00l),
and between years (P<0.0l), and that there was a high degree of
interaction between years and sites. Partition of the data
indicated that differences in 1968-1969 and, in particular 1969-
1970, were the main contributions to the differences between years,
and that these differences were significantly different to the
nean (P<0.02). It was found that the mein sources of between-
site variation were 8B:4 and 1:2, and that 8B:4 had a significantly
lower mortality than average (£<0.001) while 1:2 had a sigaifi-
cantly higher mortality than avérage (P<0.001L). The exact source
of site~year interaction could not be clearly definéd, althouzh
presumably this degree of residual variation accounts for the
failure of analysis of Table 5.5 to detect a significant difference
in mortality in the period 1969-1970. When 1968-1970 mortality
was removed from the data, there was found to be no significant
difference between the other years.

5.4.5 Age structure of the populaticn.

o

Attemnts were mede to age individual rosettes of Genticna verna in

the field, but no cewtain repeatable method was found. Thecrefore,

the only way in wnich the age structure of the population can be

determined is by regular recordinz until the aze of all »nlants in
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Gentiana verna

Table

éb

Age class distribution of populations in permanent plots
at Autumn 1975. PFercentage figures.
Age Class (Years) Total
Site No. of
o-1 1-2 2-3 5=4 4-5 5-6 6-7 > 7 Plants
1l:2 .32.6 19.8 5.1 9.3 4.7 12.8 0.0 5.8 86
4:1 25.7 18.8 6.3 9.0 9.7 10.4 9.7 10.4 144
7:2 26,2 11.9 4.8 16.7 9.5 23.8 2.4 4.8 42
823 28.8 13.5 11.5 9.6 23.1 13.5 0.0 NR 52
8B:4 28,8 19.2 5.8 1l1.5 7.7 13.5 13.5 NR 52
Cronkley 28.6 10.2 8.2 16.3 8.2 28.6 NR NR . 49
Ave.
W'bank 28.2 15.2 8.8 10.4 10.1 13.3 1l1.70 KR
Ave,
Overall . 28.2 16.7 8.7 11.1 9.9 25.5 (NR) (NR)
Approx.
Calc. *w .
Figures 27 20 14 11 8 6 4 10

In those quadrats

where records are for less than

7T years, the oldest age-group includes all plants
over that age.

* Based on constant recruitment and 27:% annual moriality.
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a quadrat is known. In one quadrat (8:3%) the agze of all plants

is now known, and in the remainder a high proportion are of known-
age. Age structures for each site, and for the total sample are
presented in Fig. 5.7 and Table 5.6b together with a "model"
population with constant recruitment and 27% annual mortality.
These age structures generally are of the type that one would
expect from a healthy population of a short-lived perennial, al-
though-there are consideraﬁle variations between sites and
differences from the standard, reflecting variations in mortality

and recruitment over the period during which the population was

formed. Overall, the distribution of the population sample is

strikingly similar to the calculated model.

5.4.6 Mortality recording.

Distinction has been made during the fieldwork fof this study

between two types of mortality:

a., Plants which were seen to be dead, or more or less dead, at
some stage before they &isappeared. ("Dead".

b. Plants wiich were present at one recoraing but of vhich there
was no trace at the next. {"Gone").

In the latter case, plants were tentatively assumed to have been

removed by sheep (on Widdybznk Fell) or rabbits. Plants were

unlikely to have died and rotted away between recordings, although

b

it is possible that the rewmeins of a plant recorded as "gone" could

have been overlooked 1n one reccrding, esvecially if.csrrisd out
in bad weather. The distinciion was wade because it was relt that
an indication of the loss of rosettes due to sheev-grazing could
thus be #ained. Doody (1975) records that sheev teeth-marks had
been observed on rosettes, and that there was a gooa dezgree of

correlation between the percentage of mortalities recorded as

L]

"gone" znd the level of sheep-srazing. s of =11

b=

or the purrnos

(0]

morvality calculatious, the two Typses or uwortality aave, of



Gentiana vernsa

Table 5.7

Proportion of mortalities recorded as "gone"

Site 1973 1974 1975 Sit
No. % | No. | % No. % bive
gone |gone| gone |gone gone gone | BVerages
1:2 9/28 [32% | 21/28 | 75% 18/20 | 9o% | 48/76 | 6%
4:2 P4/39 61y 3T/4T | 783% 43/47 914% | 104/133| 78%
732 2/15 3% | 10/16 |62%% 9/11 82% | 21/42 50%
8:3 0/1 O% | 16/18 | 89% 6/9 67% | 22/28 79%
8B:4 3/5 |60 6/10 | 60% 17/22 77% | 26/37 70%
Cronkleyl 8/14 [57% | 18/20 | 90% 12/16 75% | 38/50 76%
10
Averages 46/10246% | 108/139| 77.7% | 105/125 | 84%
N.B. "% gone" is % of mortalities recorded as gone.




17 -

course, been regarded as equivalent, and treated together. The
proportion of deaths recorded as "gone" is shown in Table 5.7.
5.4.7 BSeasonal morfality.

As indicated under Population flux (5.3) over the whole period
1969-1975 there was no significant difference in mortality betueen
any season. Mortalities were almout exactly the same in each
period of the year. Table 5.8 shows the detailed mortality rates
in each site over the period 1972-1975, and analysis indicates
that there are no significant differences between sites. Hortality
amongst Gentiana rosettes is apparently constant throughout the
year, in contrast to Polygsala (sect. 4.3) where it was found to

be considerably higher in the winter period.

5.% Recruitment.

Within the sites studied, recruitment to the gentian population
was almost exclusively confined to vegetatively~produced rosettes.
Only 3 seedlings were recorded in one quadrat during the whole
period, and the contribution of seed-derived individuzls to the
nunbers in the population iz not considersd here.

5.5.1 Annual recruitment.

The levels of recruitment, shown as new rosettes per established

plant, are displayed in Table 5.9, for each site over the psriod

U

1972-1575. boody (1975) presents cownarzble figures for ezch siite

[

for the years 1969-1972, and his figures are quoted be]nw, for .

comparison, as averages only:-

1969 : 0.43 1l:2 : 0.66
1970 : 0.93 4:2 : 0.42
1971 : 0.43 7:2 : 0.53
1972 : 0.34 8:3% ¢ 0.73
8B:4 : 0.45

Cronkxley : 0,45

Over the period 1972-1375, the averzge rate of recruiiment was



Gentiana verna

Table 5.8

Seasonal mortality

Mortality Sites Seasonal
Period * 1:2 4:2 - 7:2 8:3 8B:4 Cronkley Averages
Autumn 1972- '

Spring 1973 0.12 0.04 0.12 0.00 0.02 0.09 0.09
Summer 1973 0.00 .01 0.00 0.02 0.06 0.00 0.01
Autumn 1973 0.14 0.14 0.04 0.00 0.00 0.05 0.08
Spring 1974 0.13 0.05 0.22 0.09 0.2 0.05 0.07
Summer 1974 0.12 0.19 0.02 0.00 0.11 0.00 0.10
Autumn 1974 0.06 0.01 0.02 0.24 .0.02 0.24 0.07
Spring 1975 0.06 0.10 0,12 0.04 0.11 0.17 0.09
Susmer 1975 0.14 0.00 0.00 0.14 0.00 0.00 .0.04
Autunn 1975 0.01 0.12 0.05 0.00 0.19 0.00 0.08
Notes: HMortality is calculated relative to the number of

plants at the start of the interval.

*

The date represents the end of the interval, and
the mortality opposite each row vrefers to the period
between that date and the preceding one.
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0.27 new rosettes per plant per year. Although Doody (1975) does
not quote an average value Ior the period 1969-1972, it is clear
that recruitment was at a considerably higher rate -during that
time, than during the period 1972-1975. The average recruitment
calculatved over the period 1970-1975 is 0.32 rosettes per estab-
lished plant per year.

Analysis of Table 5.9 indicates that there are no significant
differences between years, but that there are significanf difference
between sites. Further examination of the data shows that 1:2 has
a. significantly higher recruitment than average (P 0.01), but
that there are no significant differences between other sites.
5.5.2 Seasonal recruitment.

Recruitment of new Gentiana rosettes continued throughout the year,
at least to the extent that new rosettes appeared between the
October record and the April/May record. A broad.)ﬂz analysis of
the figures given in Table 5.1 for all the additions in each

season indicates that there are considerably less additions in the
winter, ver month, than in the rest of the year over the period
1969-1975, and that this difference was significantly less than
expected (P< 0.001l). Table 5.10 nresents data for rosette recruit-
ment during each season in each quadrat over the period 1972-1975.
Anelysis of variznee indicstes that there is seasonal diff

ersrce
(P<K0.01) and that the winter recruitment differs from those for
the two summer periods. This is hardly sufprising,'although.fhe
difference is by no neans as clear-cut as might be exgected,
nerhaps because the recordiing times were not exactly at the
bezinning and end or the growing season in all years.

5.6 Revroductive perforuance.

5.6.1 Although a large amount of datz has been collected on the

N

flowering veriormance of Geatiana vernzi, it shcoculd be noted that




Gentiana verna

Table 5.9

Annual recruitment.

Year Sites
1:2 4:2 T:2 8:3 8B:4 | Cronkley | Totals
Aut.1972-Aut.1973 { 0.41 | 0,16 | 0.22 | 0.41 | 0.19 | 0.22 0.24
Aut,1973-Aut.1974 | 0.39 | 0.23 | 0.21§ 0.20| 0,20 0.12 0.23
Aut.1974~Aut.1975 | 0.39 | 0.27 | 0.28 | 0.35 | 0.31 | 0.30 0.31
bite averages 0.40] 0.22 | 0.24 1 0.32 0.25| 0.21 0.27



http://Aut.1972-Aut.1973
http://Aut.1973-Aut.1974
http://Aut.1974-Aut.1975

Gentiana verna

Table 5.10

Seasonal recruitment

. Sites
Season 1:2 ° 4:2° T7:2 .8:3 8B:4 Cronkley Aves.
Aut.72 - Spr.73 0.00 0.01 0,02 0.07 0.02 0.09 0.03
- Swmmer 1973  0.03 0.05 0.11 0.25 0.06 0.03% 0.07
- Autumn 1973  0.37 0.09 0.06 0.04 0.10 0.02 0.11
- Spring 1974  0.02 0.03 0.22 0.0% 0.02 0.01 0.02
- Summer 1974 0.15 0.17 0.13 0.00 0.16 0.00 0.11
- Autumn 1974  0.21 0,02 0.02 0.14 0.00 0.10  0.07
- Spring 1975  0.02 0.06 0.04 0.00 0.05 0.12 0.05
- Summer 1975  0.24 0.02 0.00 0.19 0.06 0.00 0.09

- Avtumn 1975 0.12 0.11 0.10 0.16 0.13 0.07 . 0.1l
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flowering is waimportant, uwnder present conditions, in the annusl
reproduction of the species on Widdybank fell (althouzh its romaible

role in the long term survival of the $Species is discussed later).
No fertile capsules have matured, during the period of this study,
in any of the marked sites, and only 3 seedlings (recorded to-
gether in 1974) have ever been observed. Ripe capsules may be
produced on these Fells, although they are rare, and are only
nornally found in areas where sheep do not graze, e.g. in
artificial exclosures or amongst neather. The following figures
and conclusions should therefore be viewed in this light.

5.6.2 Age at flowering, and fate of flowering individuals.

an analysis of the age at wvhich rosettes first flower, if they
flover, is presented in Table 5.11. Only the data for 12969 and
1970 additions are presented, to avoid bias towards those plants
which flower when young. The data for these two years have been
pooled because there are no records for individuals flowering
after 4-5 years for the first time. One surprising feeture is the
paucity of indaividuals that have been followed from 'birth' through
to flowering. Of the 329 additions recorded on wWiddybank in 1969
and 1970, 29 flowered (8.8i%), 239 died without flowering (72.6%)
and 61 were recorded for over 5 years wiﬁhouﬁ.fiowéring (18.6%).

ed l._? -y Al -.7-'L-t":-_

< LA AR . . 4

Over 50% of plants that flower do so ﬁhen a:
smaller, more or less equal amounts (10-14%) in other age groups up
to 5 years. HNo plants have been recorded as Tlowering for the
first tire when over 5 years old. The individual quadrats show
more or less the same patvern, all with 2 pveak c¢f nw:abers zt &
1-2 years.

Plants that have Flowered face varied fates (see Table 5.12).

Although it is sometimes stated that Gentiana verna normally dies

soon after flowering, the results from this study indicate that



Gentiana verna

Table 5.1

Reproductive performance. Ages at first flowering, or
length of time recorded without flowering.

Age at first Sites

flowering Widdybank
e Ay #* . - Ly 2 2 - - ank

(ygaro) | 1:2 4:2 7:2 8:3 8B:4 Cronkley Total

0-1 2 o 3 0o 0 0 4 (13.8%)

1-2 3 4 0 0 8 2 15 (51.7%)

2-53 > i 0 0 © 0 -4 (13.8%

3q 2 0 0 0 1 0 3 (10.3%)

4-5 1 2 0 0 0 0 3 (10.3%)

5-6 0 0 0 0 0] 0]

'No. dying

without -

flowering 69 88 39 22 21 14 239

No. recorded

over 5 years

from birth

without

flowering 11 28 11 7 4 3 61

¥ Using data from 1969 and 1970 additions.

On Widdybank sites, out of those rccorded, 72.6% died without
flowering, 18.6j% lived through the study period without
flowering, and 8.87% flowered. For Cronkley, the comparable
figures are: 73.6%, 15.8% and 10.6%.



Gentians verna

Table .12

Analysis oI the fate of plants that flower.

Site
Widdybank Cronkley Total
gites

Number of plants that die

within year of first 50 7 57

flowering, and as percentage 455 44% . 259

of all flowering individuals - / ’

Number and percentage of

plants that flower and 62 9 71

survive to a further year 56% 56% 5536
"~ Number of plants that flower 15 0 15

twice, and percentage 13% 0% 12%

Humber of plants that

flower three times 0 0 : 0

Number of plants that flower

again in-the following year 11 0 11

-~ or the second year after 4 0 4

- or the third year after 0 0 0

Number of plants that die

within the year of second 7 0 T

flowering, and as percent- 47% O7 47%

age of those tnat rlower
twice.
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only 457 of rosettes die within their year of first flowering,
with the remaining 557 (71 plants) surviving at least to the
following year, and possibly flowering ar~ain,

0f the 128 recorded flowering individuals, 15 were recorded
as flowering twice (12%), with 11 of these flowering again in the
vear after their First flowering, and 4 in the year after that.
7 out of 15 (47%) then died within their year of second flowering,
the remainder (53%) surviving to at least a further year, although
no plants were recorded as flowvering three times or more. Some
aspects of these figures are surprising, especially the large
nunbers of plants (7374) that die without flowering, or survive
for over 5 years without flowering (19%). The possible signifi-
cance of this is discussed later(in 5.7). It would appear thut
flowering does increase the risk of death, since 45-47% of plants
die within the year of fiowering, compared to the normal annual
mortality of all plants of 275, although over half survive to
subsequent years. Probably the risk of death would be increased
if cansules were produced, due to the grezter drain on the »nlant's
resources. |
5.6.3 IFlowering percentagé and reproductive poteﬁtial.

Gentiana verna flowers each year in spring, usually during bay

toda

.n the'study arez, and each rosette normolly wooduces =2 sintle
blue flower, although up to 3 flowers per rosette have been ob-
served on Widdybenk Fell, and greater nwabers elsewhere. OQér'
all sites and all years, an average of just uader 75 of rosettes
flowered each year. Of those recorded in quadrats, none produced
ripe fruit in the period 1972--1975, althouzh Doody (1375) records
that a few capsules were produced in plot 10 on Cronkley Fell in
1970. Thne average number or seeds per capsule collected from

3

exclosures is 161 (see Tadle 5.1%), zo the average revroductive



Gentiana verna

Table 5.15%

Seed production

Seeds per capsule

Year Widdybank fell Cronkley Fell
1970 143 T 11 182 % 30
1971 132 £ 13

1972 182 ¥ 11

1973 127 L 52

1974 205 % 56

1975 126 £ 75

Ave. 161
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potential of the gentian on Widdybank IFell might be 1127 seeds/

100 plants per annwa if ali capsules reached maturity, and asswuning
that flowering percentage femained the same under such conditions.
Taking the average density of rosettes, calculated from plot data

to be 109 M7

, then the average potential seed production of
Gentiana on Widdybank is 1228 seeds/M-2/year.
Table 5.14 shows percentage individuals producing flowers (where
number of flowers per flowering plant = 1 throughout the whole
period) in each site in each year. The data were analysed as
explained in section 3.5.7 uéing transfqrmed data, with a "missing
plot" figure calculated for Cronkley 1969, and applying Least
significant difference and Least significant range (where ng or
ng vas the nmultiplying factor,.for vear differences and site
differences respectively) tests. (Fisher, 1954). The initial
analysis indicated that there were significant differences between
years and between sites, (P<0.0l) with no significant interaction
between them. Further analysis showed that Site 8B:4 had a
significantly higner {lowering percentage than all otihers (P<O.0C1)
and that 1l:2 was 1gnlllcantly hl"her than all others (exceot 83B:4)
(P<0.001). Sites T7:2 and 8:3 were significantly lower than
averazge (P 0.01) zalthough not from each other nor from 4:2,

Amongst years, 1975 was significantly lower than all othners
(P<fQ.OOl) and 1971 was significantly lower than the remaining
years. 1970 and 1973 were signiricantly nigner than all other
years except 1969 (P<C0.001), wiich was nct in itself significantly
different from average,

In swnmary, 8B:4 had the highest flowering percentage,
followed by 1l:2, while 7:2 and 8:3 had significantly lower than

=3

average flowering percentages Cronkley and 4:2 were neither

significanvly higher nor lower tnan averaze.



Gentiana verna

Table 5 o 14

Annual flower vnroduction. Percentages
of plants producing flowers.

_ Sites

Years 1:2 4:2 T:2 8:3 8B:4 Cronkley  Averages
1969 2. 7.0 3. 1.6 18.8 NR - 8.8

1970 9.5 5.4 7.0 4.8 14.9 1.8 8.2

1971 8.5 2.7 0.0 2,1 8.3 11.1 5.4

1972 14.4 4.7 1.5 1.9 13.3 6.3 7.6

1973 7.3 8.5 8.2 6.3 17.5 2.9 8.7

1974 1.6 5.2 6.0 2.9 21.3 0.0 7.6

1975 2.1 0.0 0.0 0.8 6.9 2.5 1.8

Site aves. 9.1 4.8 3.7 2.9 14.5 5.2 6.83
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1975 was the worst year for flowering, followed by 1971,
while 1970 and 1973 were the best. 1909 hud a high averaze
percentare but was not sizaificantly higher than averase. The
remaining yezars did not differ significantly from average. The
possible significance of these differences is discussed later
(in 5.8).

-

5.7 Life cycle and Reproductive strategy.

In summary, Gentiana verna is a short-lived nerennial with an

average life expectancy of about 3 years, and an average annval
nortality of 2755. Approximately 74 of roscttes flower each year,
on average, with each rosette normally producing a single tlower,
which rurely develops into a capsule under the conditions pre-
vailing in the study area. Rosettes may very occasionally flower
within their first year, but normally flower in their second or
third vears. They rarely flower more than once, although many

survive for long periods after flowering. Pollination has not

[(

been studied in detail, and relatively little is known of the
pollinators. Bombus spp. have bsen observed visiting fiowerd in
the normal manner on still fine days, when these occur. 1In
addition, bees, and possibly other insects obtain nectar "illegally"
by biting through the corolla tube at the base, and the results cf

this czn often ba cbscrved., Desnite the »roblems of »oor weather

scarcity of pollinators, and "illegal" entry, it is clear that

C"\'

rany capsules, with fertile seeds, do develop in ungfazéd'éréés.
Elkington (1963) records that G. verna is self-compatible, and
although spontaneous self-pollination hzs not been observed under
experirental conditions, it may take place in the wild.

Under these conditions, tne normal mode of reproduction is

by the production of fine wnderground stolons terminating in

rosettes which have veen rescorded as arzenring up to 25cms froo



|
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the nearest plant, and which may thererore gradually serve to
colonise new ground. These rosettes are produced almost throughout
the year, but especially in warner damper periods. The young
rosette then has as much chance of survival as an adult plant,
and, in fact, all ages of plant seem to have a similar chance of
survival (i.e. mortality is age-independent). Flowering individuals
are more likely to die than non-flowering ones (45%, compared to
27%) and possibly more plants would die in their year of:flowering
if they were allowed to produce ripe fruits which would diminish
their reserves further.

From the few capsules that are produced, in parficular
vrotected sites, the reproductive potential is thought to be
reasonably high (c. 1100 seeds/100 plants/annum), but only a very
few'seedlings have been recorded in the study area. Within the
7 years of this study, to 1975, only 3 seedlings have been recorde
in the permanent quadrats, all in one gquadrat in 1974. The seed
must have been produced outside the quadrat, unless it had lain
dormmant for a long reriod of years.

Although clearly not of importance in directly determining
the numbers of individuals on the Teesdale Fells, sexual reprod-
uction wmzy be of importance in occasionally producing new genetic
reconbinants wnich may be more suited To certusin conditions than
the present clones. Additionally, clonal material in many species

(althoush there is no evidence for this in Gentiana vernz)

eventually loses its vigour, and new clones Irom seedlings would
therefore nelp to maintein the populztion.

The method of vesetntive growth is clearly successiul and
well-suited to the conditions in the study area. The populations
are maintained despite quite large annual losses of plants, and,

in some quadrzts, nuwbers have increazed over the 6 ye

%

o A, o7
rs to 1§7%.

A



- 84 -

The relationship between Gentiana verna and the grazing sheep

(or rabbits) is complex and by no means fully clear. <The sheep

probably assist the survival of Gentisna on these fells to an

¢

extent by keeping the vegetation short, and altering its com-
position to those species able to survive grazing. The Gentiana
thrives, often at quite high densities (e.g. c. 170 rosettes/ﬁ72
in one quadrat) in a grazed plagioclimax. In an exclosure on
Widdybank Fell set up in 1969, Gentiona was at first very success-
ful in flowering, and lerge numbers of capsules were produced.
Since that time, the numbers of rosettves, flowering individuals
and ripe capsules have all decreased (Doody 1975, and subjective
assessnent) as the growth of other vegetation, especially Festuca
ovina has increased. To this extent, sheep probably assist the
species by extending the range of habitat that it can colonise,
and by allowing it to succeed within this. In opposition, sheep
may regularly remove whole plants and probably damoge others
irrevocably, and almost totally pr nt seed production.

The very hizh proportion of p»lants that die without ever
floweringz, or have lived for over 5 years without flowering (927,
together) is remarkable. There may be 2 reasons for this. Firstly,
grazing nay dlrectly prevent a proportion of plants from achievipg
the stete 0F vigour that tiey renulre to nroduce flosers, Thers
is reasonable general evidence to supwnort this, from horticu l ural
experience in partvicular, and definite evidence that full de-
foliution may reduce or entirely prevent seed formation in sone
species (e.g. Rockwood 1974), whilst vartial defoliation after
anthesis may considerably feduce seed size (e.g. Maﬁn and Cavers,
1971). It is likely, therefore, althouzh by no means definitely
shown by this study, that the general reprcductive perforsaance of

the Jentiana will be imnaired oy continuous grazing through tze
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growing season.

Secondly, there is probably an overall selection pressure to
rcduce the flovering percentage on the rell, by selection of aon-
floxriferous clones. This is su_;ested because:

1. Flowering plant§ probably produce less new rosettes than non-
flowering ones through diversion of resources to fiowering,
and, singe they will not norinally produce seeds, they will
have less offspring overall;

2. Plants that flower, as previously shown, are likely to die
earlier than non-flowering ones, and are likely therefore to
have less time to produce new rosettes;

3. TFlowering individuals are probably more likely to be removed
whole, possibly together with any new stolons, by grazing
sheep since they are taller and more conspicuous, and a small
experiment indicated that-this reinoval does not stimulate
increased rosette production by the remaining rootstock.

In other words, there is no immediate advantage to the pop-
ulation, under present conditions, to flower, and there are probable
positive disadvantages. There would appear, therefore, to be - quite
strong pressure to reduce floriferous clones, and little to
favour them.

If this mechanism is operating, it is probable that it will
already have had considerable effect, and this may bé the under-
lying cause of some of the observed differences in flowering
percentage between different sites. It may also help to explain
the obviously greater flowering percentage of the rosettes at a
little-grazed site at Langdon Beck, not far away. Further
experimental and perturbation studies should be made to analyse
the situation more fully. It is difficull to gauge the likely

speed of change, but - with the short generation time of Gentiana -
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it may be sufficiently rapid to be taken into account in con-
sideration of future management. Brougham and Harris (1967),
for example, showed that genetic changes‘occurred in strains
of Lolium within a few months of sbwing, under particular grazing
regimes, and Charles (1964, 1968) has shown the rapidity of
adaptation of red and white clover and grass populations to
different management regimes.

Although the gentian can clearly survive with a low
flowering percentage in the ‘site area, its prime attraction is
its flower and management should possibiy be directed at ensuring

more than the survival of its rosettes.
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Chapter Six

Viola rupestris

6.1 Introduction.

Viola rupestris, the Teesdale Violet, is an extremely rare native

of Britain, confined, within Britain, to a few sites in Northern
England in open limestone vegetation. It is listed by Perring and
Farréll (1977) as an endangered_species, and is recorded from only
7 10Km squares in England (Bradshaw and Doody, in press). Within
Teesdale, it is confined to Widdybank Fell, along the narrow band
of sugar limestone soil, growing in a range of communities from
closed short grassland to open eroding edges, although never amongst
dwarf shrubs. It is a small perennial rosulate herb, which loses
its leaves in winter, but which is apparently relatively long-
lived. Flowering, in common with other members of the genus Viola,
involves the production of -both open (chasmogamoﬁs) and closed
(cleistogamous) flowers, and the relative importance of these two
is-determined to an extent by habitat.

For the purposes of this study, the definition of the "unit
of reproduction" has followed that given by Doody (1975) in order
that results over the whole period will be comparable. He des-
cribes.the production of short lateral branches terminating in
rosettes, which do nét appear to root independéntly, but whose
connections with the parent plant are not always distinguishable
in the field withbut~causing danage, illustrating some of the
problems discussed by Harper (1967). Doody therefore defines the
individual or 'unit of reproduction' as "any rosette which arises
from a seed or underground stem".

6.2 The recording sites.

Viola ruvestris occurs 6nly on Widdybank Fell within the Upper

Teesdale area. Sites were selected in four main areas on the fell,
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one (site 2) within a few metres of the reservoir edge (TWM), one
about 100 metres from TWM (site 3), one about 300 metres from the
reservoir edge (site 6) and the other over 500 metres from TWM
(site 9). Within these categories of distance from the reservoir,
the sites fell broadly into two main vegetation types; those at

3 and 6 lay in closed turf, while those at 2 and at 9 lay in more
open vegetation.

Quadrat 2:2 was four metres long, running down a gentle west

facing slope towards the reservoir edge; the vegetation was
generally disturbed, by mole runs and frost-heaving, and there
were considerable numbers of small open areas. The dominant

species wés Fegstuca ovina in a rather depauperate state, with

Sesleria caerulea, Koeleria gracilis, Briza media, Carex flacca,

and Minuartia verna also present, amongst others. This quadrat

was less affected by the blown sand described for 2:3 below.

Quadrat 2:3 was one metre long, on a short ledge of vegetation

amongst eroding sugar limestone edges, only a few metres from the

- reservoir edge. Sesleria caerulea and estuca ovina were the

dominant species, and Doody (1975) records that approximately 13%
of the quadrat was without vegetation cover in 1972. In 1973-74,
considerable quantities of sand from the sugar limestone beach
nearby was blown on to the adjacent bank,.partially covering the
vegetation, and making some plants difficult to refind. This
gradually cleared or settled, and most plants were re—ldcatedil

Quadrat 3:2 was 2 metres long and lay on a steep south-west-

facing slope amongst closed grazed turf. The sward was dominated

by Festuca ovina and Sesleria, with lesser amounts of Xobresgia,

Carex capillaris and Plantago maritima, amongst others.

Quadrat 334, 2 metres long, lay close to 3:2, but in rather
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more open vegetation, for which Doody (1975) presents a map of =

sample metre. The turf was dominated by Sesleria and Festuca ovina

with lesser amounts of Kobresia and Plantago maritima amongst others

Quadrat 6:2 was 5 metres long, running down a west-facing
slope, where the vegetation consisted of a closed turf, dominated

by IFestuca ovina and Sesleria, with Kobresia and Primula farinosa

(for which the quadrat was also recorded) amongst others. The

2).

Quadrat 9:2 was 2 metres long, and'lay on an eroding sugar

density of Violets was low (17 M

limestone edge. During the period of recording a number of plants
"moved" out of the quadrat, over this eroding edge. The density
of Viola rosettes was high, amongst an open vegetation dominated

by Sesleria and Festuca ovina.

Quadrat 9:3, one metre long, lay in stony open vegetafion,
with almost 50% bare ground, and large quantities of mosses and

lichens (in particular Tortella tortuosa and Cladonia spp.). It

was flat and apparently very dry.

Five sample sites were established, one at each of sites 2 and
%, and one associated with each of quadrats 6:2, 9:2 and 9:3, as
explained in 3.2.
6.3 Population flux.
Figs. 6.1 and 6.2 show the changes in numbers that have taken place
over the period of recording. Over the whole period, the number
of plants has increased in 5 quadrats out of 7, and decreased -
slightly in 2. In 6:2, the numbers decreased by 1, and in 9:3 by
9 (about 16%), although they do not seem to be part of a trend to
decrease, but rather that the Autumn 1975 figure was a chance lower
number; for example, the highest recorded figure in 9:3 was in
summer and autumn 1974, only a year before the final record. In

contrast, most other quadrats showed a tendency to increase, with

only infrequent returns to the original low numbers. The overall
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Viola rupestris

Table 6,1

Additions and mortalitiecs in all permanent plots.

additions iortalities Change Pepuleation
Season SeeﬁT"VEET—Tot.' Seed. Other Total ;gS?OP' numbe rs
+ Or -
Aut. 1968 9%(2 quads)
Sor. 1969 56 0 56 218(4 quads)
Sum. 1969 1 2 3 Incomplete
Aut. 1969 O 20 20 ) 212(5 quads)
3pr. 1970 38 29 67 354
Sum. 1970 O 20 20 2 26 28 -8 346
Aut. 1970 O 31 3 2 12 14 +17 363
Spr. 1971 28 14 42 2 20 22 +20 383
Sum. 1971 0 14 14 1 12 13 +1 384
Aut. 1971 0O 8 8 0 12 12 -4 380
Spr. 1972 34 13 47 3 19 22 +25 405
Sum. 1972 O 15 15 1 11 12 +3 408
Aut. 1972 1 20 21 0 9 9 +12 420
Spr. 1973 31 6 37 12 24 36 +1 421
Sum. 1973 2 8 10 0 13 13 -3 418
Aut. 1973 10 4 14 0 6 6 +8 426
Spr. 1974 16 9 25 2 19 21 +4 430
Sum. 1974 0 10 10 0 8 8 +2 432
Aut. 1974 7 6 13 0 0 0 +13 445
Spr. 1975 35 18 53 3 34 37 +16 461
~ Sum. 1975 10 2 12 1 5 6 +6 467
Aut. 1975 O 4 4 1 5 6 -2 465
Totals 269 253 522 30 235 265
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number of plants, in all quadrats, has increased since spring

1970 (the first time that all 7 quadrats were recorded) by 24%,

from 354 to 465 individuals. The lowest figure, 346, was recorded

in Summer 1970, and there.has been - a steady increase since then.
The mechanics of the poﬁulation changes are shown in Table 6.1.

Overall, additions have been more or less equally due to seedlings

and vegetative recruitment, with overall additions exceeding _

mortalities in 13 out of 17 recording periods. Mortality reéords':

are incomplete for the period preceding the summer 1970 "trough",

but as recruitment was high in the preceding period, presumably

the decline was due to unusually high mortality.

6.4 Mortality rates and Life expectancies.

6.4.1 In general, the turnover rate of Viola rupestris individuals

was low, with about 14-15% of plants being lost each year, on
average, although considerable variation exists between years and
between sites.

6.4.2 Age-specific mortality.

Doody (1975), by inspection of semi-logarithmic decay curves of
original mixed-age populations over the period 1968-1972 concludes

that mortality in Viola rupestris is independent of age. A

different indication of the variation of mortality rate with age
may be gained by looking at the decay of cohorts of known-~age.
Table 6.2 shows the data for decay rate of all additions over the
period 1969-1975 with reference to theif age. As diécussed'in |
3.5.2., the sample size necessarily decreases with increasing age,
" in addition to the decrease caused by mortality, with a corres-

ponding increase in the variance of each mortality estimate.
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Table 6.2

Age~specific mortality. Autumn figures.

No. at risk 357 224 154 82 49 21
No. dying 86 28 19 3 4 0
Mortality 1 0.241 © 0.125 0.123 0.037 0.082 0.000
Age Class

If the cohorts decayed exponentially, the best estimate of the
decay rate between each age class would be 0.158. Preliminary
inspection of the daté indicates that they do not fit this pattern,
with the 0-1 decay being considerably greater than average, and
all remaining age classes being lower than average. A )C'?
analysis indicates that there is a high degree of difference from.
the expected pattern (:(fg = 36.87 P<0.001), and the 0-1 mortality-
rate is shown to be significantly higher than exbected (P<0.001).
Although all other age-classes show lower mortality than expected,
the numbers are too small relative to the first age class for the
differences fo show up as significant. The numbers used exclude
. seedlings or vegetative additions until their first autumn, and
thus the early age mortality includes the death of seedlings over
their first winter.

Mﬁrtality for age-classes excluding seedlings until after
their first winter was therefore examined over annual periods
from spring to spfing, as explained in 3.5.4. Table 6.3 shows

mortality of each age class, for all years totalled, in this way.
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Table 6.3
Age~specific mortality. Spring figures.

No. at risk 254 159 90 50 21

No. dying 50 13 9 5 21

Mortality 0.1969 . 0.0818 0.1000 0.1000 0.0000

Age Clasgs _ _ _ - _
(yrs.) .0 1 1-2 2-3 34 4-5

If an exponential curve was fitted to the data on the best
estimate, the decay rate between each would be 0.1341l. Again,
inspection indicates that the data does not fit this pattern.
:sz analysis indiﬁates that there is a-significant difference
from expected exponential decay (JCi = 17.02 P<0.01l), and
mortality from O~1 was higher than expected (P<0.0l) while
mortality from 1-2 was lower than expected (P<0.01). The
indications'are, therefore, that mortality is higher in the first
18 months or so of life, and then lower, and that early increased
mortality is not caused simply by seedlings dying during or before
their first winter.

To understand the contribution of seedling mortality to this
pattern, mortality of seedlings over their first year, separated

into 2 six-month periods was investigated. Seedlings from spring

-only were examined, and the results are shown in Table 6.4 below.

Table 6.4

Seedling mortality during.the
first year of life.

No. of seedlings No. remaining No. remaining
germinating, at at following
Spring Autumn Spring
302 268 225
M: | 0.1126 0.1605

Records from all years pooled.
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The annual mortality rate over this period is therefore 0.255,

and the corresponding expected 6-monthly mortality rates, calculated
as explained in 3.5.5, would be 0.14. Thus, mortality of seedlings
is considerably higher over their first year than the average

annual rate for adults excluding seedlings (0.255 cf. 0.134), and
within that first year, a greater loss occurs over the second six
months, i.e. the winter period. This contrasts with the findings

" for Polygala amarella that seedlings survive as well as adults.

Clearly, therefore, much of the high loss in the O-1 year
class in Tablé 6.2 was due to overwinter seedling mortality, but
the indications from Table 6.3 are that mortality continues to be
higher for a further year. More records are required before the
rate of mortélity_in older age-classes.can be estimated, although
the indications are that increasing age.decreases the risk of death.
Assuming that mortslity rate is age independent, for the'purPOSes
of comparison, half-lives are calculated for mixed-agé populations
and subsequent seedling and vegetative additions up to 1971,
although the figures shown in Tables 6.2 and 6.3 indicate that this
ma& not be entifely appropriaté as a way of describing the decay
of Violet plants. The calculated half-lives are shown in Table 6.5.
The general indications from this are that plants in 9:2 and 2:3
are the longest-lived, that seedling additions may live longer than
vegetative additions, and that cohorts with different times of
origin have very different half-lives, even within the same quadrat.
The half-lives of the seedling cohorts are likely to be under-
estimates in view of their high initial mortality.

On the basis that }-life is roughly + of the total expected

turnover time, the turnover of plants in a Viola rupestris plot

would be expected to be complete in about 20-40 years, depending

on the site.



Half-lives

Viola rupestris

Table 6.5

of mixed age

nopulations and

vegetative and seedling cohorts (in yrs.)
Site _
2:2 2:3  3:2 3:4 6:2 9:2 All plots

Mixed age pop. 5.7  9.24 7.70 T7.97 5.33 10.00 5.00 8.66
Seedling adds., .
Spring 1969 2.24 4.30 NR KR NR 5.13 NR -
Spfing 1970 6.30 5.50 1.78 3.47 -
Spring 1971 3.85 4.62 NR KR  11.95 KR  6.24
Spring 1972 7.7  8.66 1.50 WR NR 4.08 MR 4.68
Spring 1973 | 4.20
Vegetative adds.
Autumn 1969 4.62 3.79 6,00 NR 4.00 RR NR -
Spring 1970 4.95 4.47 3.46 WR  9.37 ¥R  NR -
Summer 1970 4.62 5.25 6.93 NR 9.00 KR 4.56
Autunn 1970 15.75 6.9% NR NR NR 5.00 0.97 4.75
Spring 1971 6.30 ‘HR 2,84 NR 0.62 MR 3.03
Summer 1971 - NR  NR 2.25 1.96 NR 2.36

Autumn 1971

6'86
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Life expectancies at birth have been calculated for individ-~
uals in each'site, separating seedling additions from vegetétive.
Table 6.6 shows the calculated values together with the sample
8ize available for each calculation; some of the wider variations
are probably due to smail sample size which may give misleading
effects. The overall variability of the esfimates makes the data
difficult to interpret, although the indications are that seedling
additions may be slightly longer-lived than vegetative additions,
and that plants in 9:2 probably have the greatest life expedtancy
(ignoring the high figures for seedlings or vegetative additions
in 6:2 and 3:4 which are based on very small samples).

6.4.3 Annual mortality.

Table 6.7 shows the annual loss of plants, excluding seedlings
until after their first winter, in each Viola plot over the period
1969-1976. The overall annual average loss rate is 0.14, i.e.

14% of all non-seedling plants die each year. The data from

Table 6.7 was analysed, as described in 3.5.4. This showed that
there were significant differences between years, (P<<0.00l1), but
not between sites, although there was a strong indication of inter-
action between years and sites (P<0.001). Partition of the data
further indicated that 1975-1976 and 1969-1970 both showed much
higher mortality than expected (P<0.001,, while al; other years
were not significantiy different from expected. The simple_gph—
clusion that there afe no differences between sites but that there
is a high degree of interaction between years and sites does not
make sense; sites must be diffefent to show this interaction. It
is presumed therefore that different sites are reacting differently
to given years, but that, on average, they appear the same. In
other wbrds, plants in sites do react differgntly to each other,

on account of small-scale environmental differences, but that on



Viola Trunestris

 Table 6.6

- Calculated life exvectancies for individuals in
each plot, using data from start of recording to
Autumn 1975.

Plot fettreped AdSitions
2:2 - 4.29 (121) 10.57 (64)
3:2 | 6.00 (26) 8.00 (23)
213 6.57 (44) . 7.35 (37)
314 7.50 (9) 17.00 (10)
6:2 19.00 (7) 6.5 (23)
9:3 7.00 (8) ~7.00 (30)
9:2 11.30 (84) 5.83 (52)
All sites . |
égz? - igz? 10.34 (202) 7.76 (194)

Numbers in brackets indicate the size of the sample
available. '
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Table 6.7

Annual mortality* 1969-1976, spring records.

Site
Year 2:2 2:3 3:2 3:4 6:2 9:2 9:3 Yr. Aves.
1969-1970 0.33 0.13 0.26 NR NR  0.20 NR  0.23
1970-1971 0.11 0.29 0.04 0.25 0.06 0.06 0.13 0.13
1971-1972 0.01 0.07 0.18 0.00 0.00 0.06 0.27 0.09
1972-1973 0.13 0.07 0.11 0.11 0.08 0.10 0.07 0.10
1973-1974 0.07 0.10 0.11 0.05 0.26 0.09 0.12 0.10
1974-1975 0.07 0.10 0.13 0.10 0.05 0.10 0.10 0.09
1975-1976 0.12 0.25 0.25 0.36 0.12 0.27 0.25 0.23
Site aves. 0.11 0.15 0.16 0.16 0.10 0.14 0.16 0.14

* excluding seédlings until after their first winter
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average (at least in the period 1969-1976) these differences
largely cancel out.
6.4.4 Seasonal mortality.
To attempt to undérstand some of the factors affecting mortality
of Viola rosettes, mortalities have been separated into three -
seasons, corresponding to the periods between recording times, and
the mortality in each compared. Table 6.8 shows the seaéonal
specific mortality in each quadrat over the period 1972-1975,
adjusted as described in %.5.5. Inspection indicates that the
mortality rate is higher over the winter, and analysis of the data,
.including figures ffom spring 1971 onwards, indicates that mortality
in winter is higher than expected (P< 0.05), while mortality in
spring (July-October) is lower than expected (P<0.0l), and average
in summer (May-July). Theseé results contrast with the suggestion
(though not demonspration) by Doody (1975) that mortality is higher
in the summer 6 months of the year.
6.4.5 Age structure.
The age structure of each quadrat is shown on Fig. 6.3 together
with a 'model' age-structure for a population with 14% mortality
spread equally over all age-classes, (i.é. age independent mortality
and constant recruitment. Neither individual quadrats nor the
total population sample are closely comparable to the model
structure. The age-structure reflects the mortalities and recruit-
ments over the period during which the population was fbrmed;nsut'
it is not an indication of the mortality rate or recruitment rate
of that population, as discussed in Chapter 1. It is noticeable
that there are larger numbers of plants over 5 years old than

expected; 49% observed compared to 24% expected, (Table 6.8b).

It is readily observable that older Viola rupestris plants

have a long woody'smm-stock,'and an attempt was made to find 2
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Table 6.8

Seasonal mortality.

Season 2:2 2:3 3532 3:4Sitg?2 9:2 9:3 Overall
- Aves.,
Aﬁt. 72 - . :
Spr. 713 0.63 0.04 0.05 0.03 0.00 0.08 0.03 0.05
Summ. 73 0.01 0.01 0.00 0.05 0.00 0.01 0.11 0.02
Aut, T3 0.01 0.00 0.02 0.00 0.11 0.00 0.00 0.01
Spr. 74 0.03 0.01 0.04 0.00 0.09 0.04 0.01 0.03
Sumn. T4 0.01 0.00 0.02 0.00 0,00 0.02 0.02 0.01
Aut. 74 0.00 0.02 0.06 0.00 0.00 0.01 0.00 0.01
Spr. 15 0.04 0.04 0.02 0.06 0.00 0.03 0.05 0.04
Summ. 75 0.00 0.00 0.02 0.00 0.00 0.00 0.04 0.01
Aut. 75 0.02 0.C0 0.00 0.00 0.06 0.01

0.00

0.00
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Table 6.8b

Age class distribution in each quadrat,
and overall, at Autumn 1975.

Numbers in each age class, with % below

Total nos.

Plot at Autumn
No. 0-1 1-2 2-=3 3-4 4-5 56 6-7 > 7 1975
2:2 No. 46 14 4 14 9 20 6 24 137 inc.
(0.P.) 1975
% 34 10 3 10 7 15 4 18 seedling
2:3 No. 5 2 4 - 7 3 12 30 ° NR 63
(0.P.)
% 8 3 6 11 5 19 48
32 No. 6 1 6 1 2 T 2 15 40
. (0.P.)
% 5 3 15 3 5 18 > 37
34 Ho. 7 0 2 4 2 11 - NR NR 26
(0. P. )
9% 27 O 8 15 8 - 42
6:2 No. 3 2 0 2 1 5 10 NR 23
% 13 9 O ° 4 22 43
9:2 No. 0 23 21 16 10 6 54 NR 130
% 0] 18 16 12 8 5 42
9:3 No. 0 5 5 9 2 25 NR NR 46
b 0 11 11 20 4 54
Overall 67 47 42 5% 29 86 102 39 465
Aves. (all (5 (2
quads) quads, quads)
% 14 10 9 11 6 19 22 8
N
over 5 yrs in all
quadrats = 49%
0.P. - Those remaining from the origiral population, and

additions through the first year of recording.

NR - No records - guadrat recorded for shorter time.
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reliable, repeatable, method of age determination on morphological
grounds, by examination of both fresh and herbarium material. No
such method was found, so the only plants of known age in this
study-are those that have been followed from birth.

6.5 Recruitment.

As shown in section 6.4, Viola rupestris plants are reasonably

long-lived, and thus rate of recruitment need be less high than in
short-lived species to maintain the population. Distinction is
made here between seedling recruitment, which is the sole method of
producing new independently-rooted indiyiduals, and vegetative
recruitment, as described in_6.1, where shoots develop that remain
attached to their parent, but whose connections are not visible,
and are therefore ireated as new individuals, following Doody (1975).
The relative importance of each method is discussed below (iﬁ 6.7),
but are analysed here only in terms of numbers.

6.5.1 Seedling recruitment.

Table 6.9 shows the rate of recruitment of seedlings in each
quadrat per established plant over the period 1973-1975. Doody

gives figures for seedling recruitment over the period 1969-1972,

‘and his average values are quoted below:

1969 0.27 2:2 0.23
2:3 0.15

1970 0.12 312 0.10
. 3.4 0.02

1971 0.08. 6:2 0.05
9:2 0.13

1972 0.09 9:3 0.01

No significance tests were given , although he concludes that
recruitment is particularly high in 2:2, and particularly low in
3;4, 6:2, and 9:3. He also points out that germination was con-
siderably higher in 1969 than later years, and relates this to low

termperatures in the preceding winter.
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Inspection of Table 6.9 indicates that site 2:2 has the

highest recruitment, while 3:4, 6:2 and 9:3 have the lowest,

.agreeing precisely with the period 1969-1972. Analysis of.the'

data, however, indicates that there are no significant differences
between sites or between years. Overall, therefore, there are
indications.that site 2:2 has the highest recruitment, while sites
3:4, 6:2 and 9:3 all have loﬁ recruitment; but the differences are
not strongly enough marked over the period 1973-~1975 to be shown
as significant. |

Over.the period 1969-1975 (see Table 6.10), the average annual

recruitment rate was 0,10 seedlings per established plant at each

spring recordiﬁg. Recruitment by seedlings was largely confined

to the spring period, although in the period 1972-1975 more
seedlings were recorded throughout the summer, probably because of
the milder winters.

6.5.2 Recruitment of vegetative shoots.

Table 6.10 shows the rate of recruitment of new vegetative shoots
into the population over the period 1973-1975 in each site.

Analysis of the data indicates that there are no significant

. differences between sites or between years over the period 1973~

1975. As expected, the majority of new rosettes are produced during
the summér, although new rosettes are often fecorded first at the
spring record, i.e. they have been produced at some time between
autumnn and spring. fhis presumably reflects the time of recording
in relation to the particular season. Over the whole period,
1969-1975, the average annual recruitment of vegetative shoots was
0.09 per established plant at the spring recording, almost exactly
the same as the figure of 0.10 for seedlings over the same period.
Total recruitment per year over the period was thus about

0.20, compared to an annual mortality, including seedlings, of
about 0.18.



"Viola rupestris

Table 6.9

Annual recruitment of seedlings.

Sites _ -
Year 2:2  2:3 - 3:2  3:4  6:2 9:2 9:3 Averages
1973 0.02 0.15 0.26 0.05 0.00 0.16 0.09 0,11
1974 0.10 0.00 ©0.00 0.05 0.00 0,09 0.04 0.03 °
1975 0.45 0.00 0.00 0.00 0.10 0.00 0,00 0.11

Averages 0.20 0.05 0.08 0.03 0.03 0.08 0.04

The figures give numbers of seedlings per plant in the
population at the spring recording.
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Table 6.10

Annual recruitment of new vegetative shoots

2:2

Year 2.3 322 344 6:2 gs2 9.3 Totals

1973 0.071!1 0.00 10.00 { 0.05 | 0,00 | 0.08 |0.04 0.03

1974 0.08 | 0.06 [0.02 | 0.00 | 0,11 | 0.06 |0.17% 0.05

1975 0.04 ]| 0.08 {0.15 { 0.27 ] 0,19 | 0,00 | 0.00 0.01
Average 0.06| 0.05 [0.06 | 0,22 | 0,06 | 0.05 {0.01
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6.6 Reproductive performance.
6.6.1 Age at first flowering and length of reproductivé life.
Seedlings from the first two years of recording (1969 and 1970)
were studied to egstimate the length of time that they normally re-
mained in the juvenile phase, and the proportion that died without
flowering of persisted through the whole recording period without
flqwering. |

Table 6.11 shows these figures, separated for each quadrat.
It is clear that relatively few of these seedlings (10#%) have
flowered, but the indications are that plants normally flowef first’
. at 3-4 years old, although a few flowered first at 4-5 years, and
one (10%) at 5-6 years. - 67% of the seedlings died without
flowering, and the remaining 23% were recorded for over 5 years
without flowering. One seedling was recorded as flowering at
1-2 years old, although this may be a recording error, as growth
is normally very slow in &oung Viola plants. Once the reproductive
phase is reached, plants may flower continuously or discontinuously
for a nﬁmber of years. There is no indication that flowering in-
. creases mortality risk, and some individuals flowered 6 or 7 times
during the period and were still alive at Autumn 1975.
6.6.2 Flower, fruit and seed production.

Viola rupestris produces two types of flowers; large open

(chasmogamous) flowers, usually during a short period in May,
folldwed by small closed (cleistogamous) flowers during the re-
mainder of the growing season. The flowering percentages shown in
Table 6.13 indicate the percentage number of plants producing either
type of flower. Table 6.12 shows the numbers of each type of
flover, and the number of fruits produced in each site in each year
in the period 1972-1975. It is immediatély obvious that flower

production is greatly affected by where the plants are growing.



Viola rupestris

Table 6.11

Reproductive performance : Ages at first flowering,
or length of time recorded without flowering, to
Autumn 1975.

Age at first Sites

flowering *
3:4 6:2

(Years ) (232 2:3 Totals

h
N
o
W

0-1
1-2 (10%)
2=3
34
4-5
5-6
6-7

(5055)
(30%)
(10%)

O O W Ww o O o©O

© O O C © O O |\
© ©c O o C ©

© O O © C O O

o +#H O O o O o© (e
O K W v O .+ O

Number dying .
without flowering 34 13 6 0 1

i—l
o
o
(o)
.

Number recorded

over 5 yrs. from

geed without

flowering 8 7 0 0 2 4 1 22

* Using data from 1969 and 1970 seedling additions only.

Overall, 67% of these seedlings died without flowering,
23% were recorded for over 5 years without flowering, and
105 flowered.
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© Table 6.12

Annual flowering pcrformance.

Parameter

Site

2:2

2:3

3:2

3:4

6:2 9:2

9:3 Totals

1973 data

No. of
cleistoganmous
flowers 20

No. of
chasmogamous
flowers 1

No. of ripe
fruits 8

1974 data

No. of
cleistogamous
flowers 24

No. of
chasmogamous
flovers 2

No. of ripe
fruits T

1975 data

No. of
cleistogamous
flowers 16

No. of

chasmogamous

flowers 1

No. .of ripe

fruits . 3
Total data

No. of

cleistogamous
flovers 60

No. of
chasmogamous
flowers 4

No. of ripe
fruits 23

13

0

21

1
1l ch

(61}

0

10 cl 1

0

1

h)

0

3

32

1l ch
21 cl

35

ch

O
Q
—

48

KN

115

13

2 ch
35 cl

1l ch
3 41 cl

10 79

2 ch
4 24 cl

=
[6)

L7

2

9

ch
cl

]

chasmogzrmous
cleistogamous

Fruits are from cleistowamous flowers
unless stated otherwise.
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Table 6.13%

Flowering percentage.

Site
Year , .
2:2 2:3 %3:2 3:4 6:2 9:2 9:3%
1973 12 11 6 5 4 15 14
1974 16 9 2 5 9 19 17
1975 10 2 0 0 23 7
Averages 13 8 3 3 4 19 13
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Analysis of the data presented in 6.12 indicates that there
are no significant differences between years in flower or fruit
production, but that there are differences between sites (P« 0.001)
in flower and fruit production. Production of both types of
flowers and fruits is higher in 9:2 and 2:2 than average (P< 0.001)
and lower in 3:2, 3?4 and 6:2 than average (P<0.0l1). Clearly,.
fruit and flower production is highest in 9:2 overall,'followed
by 2:2, and intermediate in 2:3 and 9:3. The variation in values
for flowering relates clearly to vegetation form, as pointed out
by Doody (1975) and Bradshaw and Doody (1978), and the signifi-
cance of this is discussed below. The high loss of potential
capsules f:oﬁ both types of flowers should be noted, and this loss
is bresumed.to be by the removal of developing capsules by grazing
sheep. .
| Doody (1975) and Bradshaw and Doody.(1978) quote figures for
seed production per 100 plants in each quadrat over the period

1969-1972. These are as follows:-

‘Site ' No. of seeds/100 plants.
9:3 (most open) 133
9:2 (semiclosed) 86
2:2 and 2:3 (disturbed) 81
data pooled
3:2 and 3:4 (closed) | 0

6:2 (closed) 0

Table 6.14 shows the annual flower, frui# and seed production of
Viola rupestris, expressed pexr 100 plants, or per capsule, as
appropriate. As explained in 3.5.6., these are average figures
and éome are therefore subject to a degree of uncertainty. In
general, these figures agree broadly with the conclusions reached

by Bradshaw and Doody (1978), although a certain amount of seed

has been produced in each of the three most closed sites since
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1972, and site 9:2 ("semiclosed") had a higher production of seed
over the period than site 9:3 ("most open"). As discussed in
6.5.1, and shown in Table 6;9, the differences in seedling recruit-
ment between sites are not significant, although there are
indications -that seedling recruitment is higher in those sites

where more seed is produced, except for site 9:3 where seedling

" recruitment is exceptionally poor.

"6.7 Life cycle and reproductive strategy.

6.7.1 Species biology summary.

When a seedling of Viola rupestris germinates, usually in May, it
first produces two large cotyledons, and usually a pair of true
leaves within that year. Growth is slow, and the pre-reproductive
phase is normally 3-5 years. Mortality of established plants is
very low, with about 13% dying each year, and with individual plants
persisting for long periods. Seedling mortality is higher, with
about 25% of seedlings dying within their first year after germin-
ation. Mature individuals may flower repeatedly or intermittently

over a long period, and there is no indication that flowering in-

_creases the risk of mortality. Flowers produced are of 2 types:

1. Open (chasmogamous) and 2. Closed (cleistogamous). Either is
capable of producing fertile fruits, although many more fruits
survive from cleistogamous flowers, partly because there are more
flowers, and partly because the pedicel of the chasmogamous flower
is ;onger, and thus the flowér or devéloping fruit is more'iikely
to Be grazed. Mature fruits could be distinguished on morpholo-
gical differences as originating from open or closed flowers.

Little is known of the pollination requirement or mechanism
of the chasmogamous flowers. Insects have been observed visiting
the flowers during the study period, and Doody (1975) records

visits made by Bombugs sp. and dipterans, although it is not
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certain whether cross- or self-pollination is the rule, Probably
the details are similar to those given by Beattie (1969) for

Vv. riviniana, hirta and reichenbachiana, although the severe con-

ditions make insect cross-pollination less certain.

Dispergal of seed from ripe capsuleé is explosive, and seed
may be thrown up to 3 metres by this mechanism of dehiscence
(Bradshaw, pers. comm.). A small elaiosome is alsgo present, and
further dispersal may take place as a result of activiiy by ants,
(Beattie and Lyons, 1975) as envisaged for Polygala. The length
of life of Viola seed is unknovm ., although seeds stored in dry
conditions have germinated after 4 years. Their longevity in the
s0il will doubtless depend on the soll conditions, but it seems
likely that .some amount of viable seed will build up in the soil
and persist as a "seed bank". There is evidence that a prolonged
chilling requirement is necessary, or a period of alternating cold
and warm, and it prdved very difficult to determine the o?timum'
conditions in the laboratory. The true percentage viability of
dispersed seed therefore remains unknown.

Established plants may also produce attached rosettes, which
have been treated throughout this study as additional individuals,
(following Doody, 1975) and they may themselves flower in their
first or second year of production.

6.7.2 Life cycle.

Using data from all sites in all years, where available, it'ié-
possible to gain an insight into the average behaviour of this
gspecies on the Fell., Accordingly, a Life cycle has been constructed

along the lines of that shown for Polygala amareila. This

schematic representation is not ihtended to be representative of

any one year or site, but is an indication of the behaviour of

the species over longer pefaodien:
Q> SCIENCE U
- 6 AUG 1979

SECTION
Library

he considerable variation that
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exists in reproductive performance between sites means that a
simple average.is not representative of either of the more extreme
sites, although it approximates reasonably to the average behaviour
of plants in intermediate-sites.

The diagram is based on the following figures and assumptions:

1. An annual average mortality of 13% for non-seedling
plants, based on records for 196941975;

2. Mortality of seedlings of 25% in their first year, based

- on records for spring seedlings over 1969-1975.

3. 7.5% of plants in the permanent plots produce flowers
of either type per year (1972-1975 figures).

A. 61 seeds per 100 plants produced on average over the
whole recording period, based on numbers of capsules
known to have been produced in the permanent plots each
year x the average number of séeds per capsule that year
in collected capsules from adjacent sample plots.

5. An annual average loss of 65% of flowers before capsule
dehiscence. Details of the processes involved are not
known, but the majority are lost by grazing, and any
proportion of unfertilised flowers is implicit.

6. Annual average recruitment (1969-1975) figures of 10
seedlings per 100 established plants, and 9 vegetative
rosettes per 100 established plants have been calculated.

7. Emigration is assumed to equai immigration; ' '

8. Seed viability is 100% amongst dispersed seed. This is
unknown, but is, perhaps, the most reasonable estimate.
It is recognised that seed may persist in the soil for a
period of years, but this should not affect the numbers,
unleés these seven years were atypical, since this will

be reflected in the number of seedlings recorded overall.
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9. The loss of unfertilised ovules is unknown.

A schematic life diagram showing 2 years in the life of a

Viola rupestris population is presented in Fig. 6.4. The points

of the life-cycle at which losses may occur, and where they are
most significant can thus be seen, although they are not considered
in detail as under Polygala because the plants in different sites
have such different strategies. It is clear, though, that
comparable losses occur at.the seed—> seedling and flower—>fruit
stage in all quadrats.

6.7.3 Life strategies with reference tb plant environment.

It is clear that some of the observed differences between sites,
particularly in reproductive performance and seedling establishment,
relate to environmental differences. Bradshaw and Doody (1978)
cohclude, from data collected up to 1972, that Viola rupestris
flowers more, survives longer, reaches a greater density, and
produces more seed per plént in open sugar limestone situations
than in closed vegetation. They suggest that "plants in the more
or less open habitats exhibit the highest reproductive capacity

and give the appearance today of growing in near-optimal conditions,
whereas the survival of the plants in a closed sward is precarious”.
Table 6.14 compares most known parametgrs, derived as shown, for
each of the sites. Success is difficult to assess. A population
whicﬁ has increased its numbers has been successful, but a pop-
ulation which has produced large amounts»of seéd that germinates
elsewhere is also a success. Length of life alone can hardly be
construed as success. Overall, therefore, it appears that plants
growing in sites on sugar limestone turf on eroding edges, i.e.

2:3 and 9:2 are perhaps the most successful with a large increase

in numbers and reasonably high establishment of seedlings, together

with 2:2 on open disturbed turf away from an eroding edge. Plants
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in 2:2 have apparently greater recruitment, and the more stable
and slightly deeper soil would probably favour this, but greater
mortality and correspondingly shorter half-life. All thesé three
sites showed increases§ in numbers of plants over the recording
period, and the final densities of.plants were high (2:2 had a
lower density partly because the 4 metre quadrat included some
less:suitablé ground). Site 9:3 is anomalous. Density of plants
was very high, and flower and fruit production wés good (Bradshaw
and Doody found that it had the highest seed produétion over the
period 1969-72), but length of life of plants appeared to be the
lowest, recruitment was poor, and numbers declined over the period.
The quadrat is very open and stony, althodgh not on an eroding edge,
and if may be a marginal habitat that is good under certain com-
binations of weather conditions, such as may have occurred in the
recent pgst, but ofherwise rather precarious; Végefétivé recruit-
ment was also low err the period,.yet the high densities must.have
been reached in some way. -

In the closed turf, densities of plants are generally much
lower, and flowering performance is considerably worse. There are
indications that plants in 2:3 and 9:2, the two eroding-edge sugar
limestone turf sites, are the longest-li&ed, but plants within
closed turf seem to be.at least as long-lived as plants in 2:2 and
9:3. Bradshaw and Doody (1978) find that plants in eroding =
habitats have half-lives of 16 and 14 years, though these figures,
with those of 8, 10 and 11 for closed habitats, are misleadingly
high; and have been wrongly calculated. The corrected-figures
would be 6.8 and 5.8 for the two eroding habitats, and 4.0, 4.9
and 4.5 for the-closed habitats. The differences are thus less
marked, although confirmed by the half-lives éhown_in 6.14, which

are calculated over a longer period. Recruitment from seed in the
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"closed" sites was slightly higher during the period 1972-1975
than previously recorded; although considerébly lower than that
in the eroding edge sites, but vegetative recruitment was as high.
or higher in the "closed" sites than elsewhere.

It is the combination of length of life (or mortality) and
rate of recfuitment that affects population numbers, and clearly
those sites on eroding edges have an optimum performance in all
respects, with the greatest possibilities for increase, reflected
by the high densities present, and the increases made over the
period. Vegetative recruitment, although it may be at a level as
high or higher than seedling recruitment, is of less significance
to the population. No new genetic fecombinants are introduced,
and fewer new "niches" are tapped, since a vegetative rosette,
although capable of flowering, is dependent on the roots of its
parent, and their combined rgproductive performance should be
lover thén that of two separately-rooted plants. Further, a
vegetative addition has a life no longer than that of its parent,
and - unless the presence of extra rosettes increases the length
of life of the parent plant - fhey wust live for a shorter time
than independent rqsettes.

Plants from seed, in contrast, may arise from cross-pollination
with its consequent greater variability, or from self-pollination
wvhere at least a degree of recombination may occur. Plants in
closed habitats are therefore at a disadvantage in genetic terms
as well as numerical terms compared to those in the optimum

habitats. It is not clear whether the populations in the closed

. vegetation are remnants of a denser more vigorous population that

existed when conditions were more open, or whether the Viola
persists in these marginal habitats anyway.

Valentine and Harvey (1961) in a review of the three

localities known for V. rupestris in Britain found that plants
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at Arnside, in open but fairly stable turf, with 30% bare

ground, and only light rabbit grazing were very floriferous and
produced abundant fertile seed, although densities were low.
Plants at Long Fell (600M) were very small, growing in closed
turf; they found that only 3% of plants produced capsules, while
in the same'year those ét Arnside had numerous flowers and fruits,
and those on Widdybank Fell flowerea quite well. Plants from
Arnside were found, in cultivation; to have few long shoots and

a more-lax growth compared to Widdybank plants. The observed
densities and reproductive performance may thus be a combination

of site factors, climate (where appropriate) and genetic differences.
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Chapter Seven

Viola rupestris x rivianiana.

7.1 Introduction.

The hybrid between the Common Violet Viola riviniana and the

Teesdale Violet Viola rupestrig occurs only on Widdybank Fell,

as far as is.known, within Europe. Small populations exist on

the Fell, in habitaté that are largely intermediate between those
of its parents, and it is thus the rarest of the plants in this
study. It flowers reasonably prolifically, producing flowers

that are morphologically distinguishable from those of the parents,
but as far as is known these are invariably sterile, and no seed
is ever set. Reproduction, or more appropriately in this case,
clonal growth (Harper 1977) is by means of new rosettes produced

from root shoots (soboles), a character inherited from V. riviniana.

Following Doody (1975), the unit of reproduction in the study is
thus considered to be any rosette arising from a root shoot (or
a seed).

There is little information on the biology of cross-
pollination between the two parents, but presumably it occurs only
very rarely, or the seed is very rarely viable, in view of the
limited number of clones on Widdybank Fell, and its apparent
absence from other sites where the two species grow together iq
Britain or elsewhere (Bradshaw, pers. comm.). - .

Individual roseftes within a clone are long-lived, and it is
presumed that clones themselves are very long-lived, as they may
be several metres across; At present, some 10 colonies are known
on the Fell. (Bradshaw and Doody, 1978).

7.2 The recording sites.

Two sites were selected Ior recording this plant on Widdybank Fell,

both in moderately stable, heavily-grazed turf over sugar. limestone,
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One site (3) was about 100 metres from TWM of the reservoir,
and site 9 was over 500 metres from TWM.

" Quadrat 3:3A lay on a south-west facing slope, near to

V. rupestris sites 3:2 and 3:4. The vegetation was dense and

completely closed, dominated by Festuca ovina, and Sesleria

caerulea, with Plantago maritima, amongst other gpecies.

Quadrat 9:1 lay between V. rupestris sites 9:2 and 9:3,

although it lay in more closed stable turf than either of those.

The vegetation was dominated by grazed Festuca ovina, and Sesleria

caerulea, and the hybrid was very abundant in this small area.
Each permanent_quadrat had a samplé site, as explained,
lying.very close-to it.
7.3 DPopulation flux.
Table 7.1 shows the changes in numbers in the two permanenf plots,
together with the mortalities and additions that have resulted in
these changes. Over the period Spring 1970-Autgmn 1975 numbers of
rosettes have remained exceptionally stable, with a slight increase
(c. 635) in pumbers overall. HNumbers were at their highest between
Sunmrer 1971 and Summer 1972, caused by unusually high recruitment
of new rosettes in 1970—1971. Mortality was high in 1972, and
numbers have remainéd constant since. In plot 3:3A, there was an
overall increase of 30 plants (25%) during the period, whereas
there was an overall decrease of 24 plants (16%) in 9:1 over the
6% yéars. The lack of any great fluctuations probably reflects
the low recruitment and high survival of the plants. The changes
in numbers are shown graphically in Fig. 7.1l.
7.4 Mortality rates and Life expectancies.
7.4.1 Age-specific mortality.
‘Table 7.2 compares mortality rates between different age-classes
using all the plants of known age in the study sites. As previouzly

discussed, the sample size decreases for the older age-classes.
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Table 7.1
Separate additions and mortalities in permanent plots,
totalled.
New Mortalities Change in  Pop. nos. Pop. with-
Season shoots Date besins pPOpP. hos. including out adds.
interval + or -, new adds. until
Date begins after 1lst.
interval, winter
1970:
Spring +18 282 282
Sumnmer 25 9 +18 300 275
Autumn 27 15 +11 318 268
1971
Spring 26 12 +19 329 303
Summer 31 T +1 348 291
Autumn 8 15 -3 349 287
1972
Spring 12 13 +2 346 354
Sunmer 15 18 =7 348 321
Avtumn 11 19 ~18 341 305
1973:
Spring 1 0] 0 323 322
Summer 0 4 -2 323 322
Autumn 2 27 -23 321 318
1974:
Soring 4 2 0 298 294
Sunmer 2 3 -2 298 292
Autumn L 0 0 296 289
1975:
Spring O 7 +7 296 296
Surner 14 16 -3 303 289
Autumn 13 300 275
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Table 7.2

All plots, year class survival compared.

Autumn figures

Year-first Period of survival in years
recorded 0-1 1-2 2-3 3-4 4-5 5-6
1970 23 17 14 14 13 11
0.7391 .8235 1.0000 00,9286 0.8462
1971 41 35 33 31 27
' 0.8537 0.9429 .9394 .8710
1972 58 56 55 50
. 9655 .9821 .9091
1973 30 26 25
. 8667 .9615
1974 2 3
1.0000

Totals in each
yr. class, less

mnixed-age pop. 155 137 127 95 40 11
Fraction 157 127 95 40 11
surviving 155 134 102 45 13
Proportion

surviving 0.8839 .9478 .93;4 . 88839 8462
Hortality 0.1161 L0522 . 0085 21111 15358
Statistical

significance

from mean. NS NS N3 NS NS
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Analysis of the data indicates that no significant differences
exist between age-classes, and mortality is therefore assumed to
be age-independent, with an average annual mortality of 0.093,
i.e. about 9% of plants die each year, on average.

It is reasonable, therefore, to calculate half-lives for the
decay of agé cohorts, or the depletion of the mixed-age population,
in the expectation that these will give an adequate description of
the behaviour of the population. .Table 7.3 shows half-lives
calculated for the mixed-age populations and cohorts of additions
up to 1971 for each quadrat. The mixed-age population in 3:3A
clearly survives better than that in 9:1, calculated over a
slightly longer period, and there is considerable variation in the
calculated half-lives of subsequent additions. The hybrid is,
clearly, very long-liyed, as expected from the low annual mortality
rates, ana the likely estimated turnover time for all the plants
in a sample Wili be.between 20 and 45 years, or possibly even
longer if the plants added in 3:3A in 1971 are as long-lived as
they appear to be. On the basis of an average annual mortality
rate of 0.093, an average length of life for individuals of
10.25 &ears has been calculated.

T7.4.2 Annual mortality.

Table 7.4(b) shows the annual loss of plants, expressed as
mortality per plant at each autumn record, over the period
1969-1975 for each site. Inspection of the data indicates that
mortality may be greater in site 9:1 than 3:3A. Analysis of the
data, as described in 3.5.4 indicates that there are differences
between years and between sites, (P< 0.001). Further analysis
indicates that mortality in 1969-1970 is higher than expected
(P< 0.001) and lower than expected in 1972~1973 (P< 0.05), and

confirms the indicatioﬁ that mortality is higher in 9:1 than



Viola rupestiris x riviniana

Table 7.3

Half-lives of mixed-age populations and age cohorts (in yrs)

Site
Age Group | 5:3A 9:1 All quadrats

Mixed-age pop. Aut.'69-iut.'75 NR 5.10 -

Mixed-age pop. Aut.'70-Aut.'75 11.60 - 6.93
Autumn 1969 additions NR 7.88 -
Spring 1970 additions NR 3.87 -
Summer 1970 additions 8.70 3.65 4.33
Autumn 1970 additions 8.70 5.33 6.93
Spring 1971 additions 23.10 9,90 13.90
Sumnmer 1971 additions 23.10 5.78  9.90
Autumn 1971 additions No deaths 8.66 92.90

All half-lives calculated up to Autumn 1975
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3:3A (P< 0.001). Annual mortality of all plants is found to be
approximately 0.10.

T.4.3 Seasonal mortality.

Table 7.4(a) shows the observed variation in mortaiity between
seasons for each quadraf. Analysis of the data indicated that
survival in the period between spring. and summer (April/May-July)
vas lower thén expected (P< 0.05) while that in winter and autumn
was no different from average. This contrasts with the findings

of Doody (1975) that mortality appeared to be greater in the

summer 6 months (although the difference was not significant).
Clearly the timing of the recording in relation to the growing
season may be critical, especially if mortality is concentrated
over quite a short period in the early-growing season, although the
findings that mortality is at its lowest between May and July
suggest that mortality would have to be particularly high very
early in the growing season, tailing off rapidly, if it really

is related to the growth period. Further records over the critical
period would be necessary to resolve the difference, which may be

a recording artefact, or may be a genuine difference between years.

7.5 Recruitment.

Recruitment, as described in 7:1, is entirely by the production
of new rosettes on root shoots from existing plants, except for
the seed which originally gave rise to the clone. No seedlings
were observed during the period of the study, and it is likely
that they are extremely rare. Recruitument over the whole period
of study'was, on average, 0.124 rosettes per plant per year.
Table 7.5 shows the annual rate of recruitment per established
plant over the period 1969-1975 for each site. Although recruit-

ment is higher on average in 9:1, the data are too heterogeneous
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Table 7.4

Seasonal and annual mortality

(a) Seasonal mortality.

Site
Season 3:3%A 9:1 Averages

Autumn 1972 0.06

. 0.06
Spring 1973 0.05
Summer 1973 0.00 0.00 0.00
Autumn 1973 0.01 0.01 0.01
Spring 1974 0.01 0.15 0.08
Sunmer 1974 0.01 0.00 0.01
Autumn 1974 0.02 0.00 . 0.01
Spring 1975 0.00 0.00 0.00
Summer 1975 0.01 0.03 0.02
Autumn 1975 0.03 0.07 0.05
Site Averages 0.02 0.04 0.03
(b) Annual mortality.
Year
Aut. 1969-1970 NR 0.20 : 0.20 (1 site)
Aut. 1970-1971 0.05 0.15 0.11
Aut. 1971-1972 C.11 0.14 0.13
Aut. 1972-1973 0.07 0.07 0.07
Aut. 1973-1974  C.05 0.15 0.10
Aut. 1974-1975 0.05% 0.11 ' 0.08

Site Averages 0.05 0.14 0.10
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Table 7.5

Annual recruitment of vegetative additions

Quadrat
Year 3pp 3A ) 9ppl Averages
1969 NR ' 17/146 17/146
. 0.116 0.116
1970 18/118 66/132 84/250
: 0.153 0.500 0.336
1971 32/130 33/173 65/303
0.246 0.191 . 0.215
1972 23/153 15/181 38/334
0.150 0.083 0.114
1973 2/155 1/167 3/322
0.012 0.006 0.009
1974 3/153 4/141 7/294
§ 7 0.020 0.028 0.024
1975 4/151 23/145 27/296
0.026 0.159 0.091
Averages 82/860 159,/1085 241/1945
0.095 0.147 0.124

Figures expressed as number of additions per adult plant in

the population at the spring recording.
- b t’/
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for analysis to indicate any difference either between sites or
between years. 1970 and 1971 have much greater recruitment rates
than other years, although the differences are not significant,
and obviously much of the recruitment was in 9:1 only.
7.6 Reproductive performance. _
As mentioned in 7.1, this hybrid Viola is completely sterile, as

far as is known. Its flowering performance is not therefore con-

sidered in detail here, as it apparently plays no part in the

regulation of the population numbers. No evidence was found that
plants were more likely to die after flowering. Doody (1975)
records that both open and closed flowers are produced, in a
similar fashion to the two parents, but that relatively more open
flowers.compared to closed flowers are'produced than either parent.
7.7 Life cycle and rep:oductive strategy.

T7.7.1 Species bioloéy sunmary .

The hybrid Violet is a long-lived perennial (iverage length of
life 10.25 years; estimated population turnover time 20-45 yrs.)
which has no true method of reproduction. It spreads and persists
by a form of clonal growth in which new rosettes are produced from

soboles (root shoots) in a similar manner to V. riviniana. The

rosettes die back to the rootstock over the winter period. On
average, 0.124 new rosettes are produced per plant per year, and
0.09-0.10 plants ﬁer plant in the population die eaqh year. _Thus,
a slight increase in ﬁumbers.was obsef&ed over the recordiﬁg period,
but the inherent rate of increase is very low, and the longevity
is an essential feature of the plant's persistence.

7.7.2 Strategy.

A clone of Viola rupestris x riviniana derives from a fertile

seed produced by a chance cross-fertilisation of the two parents.

No hybrids are known anywhere in EBurope except on Widdybank Fell,
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where only a few clones are established, and no new clones have
been observed to arise since the distribution of plants on Widdy-
bank Fell has been known (Bradshaw, pers. comm.). It may thereciorc

be assumed that the production and establishment of such seed is

an extremely rare event. Thus it is critical for clones to have

a high rate of survival. No information is available for the age
of the established clones, although péttern analysis (Kershaw, 1957)
might give some indication of this. Within the clones, the length
of life of individual rosettes is reasonably long, as explained,
and a low récruitment of individuals is réquired to maintain the
population. In the short-term, the method is clearly quite
succeassful, as numbers in the permanent quadrats have increased
slightly during the recording period. However, the extreme rarity
of the hybrid in a vegetation type that has been broadly similar
for up to 3000 years, and where both parents have probably been
present, indicates that severe constraints are operating in the
long term. This restricted distribution may be simply a facet of
the recent origin of the hybrid, perhaps caused by very unusual
conditions at some period in the past; alternatively, the evidence
may suggest that the hybrid is severely limited as to the habitat

it can colonise, or clonal life-span is restricted.
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Chapter ecight

Mortality patterns.

8.1 Age-specific mortality.

Over the past 20 years, a considerable amount of data has been
collected on the mortality rates of known-age perennial plants.
One of the most striking features of these data is that mortality
of non-~-seedling plants has been shown to be almost invariably
independent of age, (e.g. Harper 1967). In other words, death is
a function merely of numbers, and such factors as the size of a
plant, the length of time it has been established, or the size of
its root system, do not, apparently, assist survival. A priori,
it might be expected that increasing degree of establishment, at
least up to an age vhere inherent mortality pressu?es (i.e. old-
age!) began to operate more strongly, would increase the likeli-
hood of survival. In the longest published studies on perennial
plants, Tamm (1972, 1972a) presents the results of studies on

various orchids, and Primula veris over periods up to 27 years.

No other comparable data are available over this time scale, and
his findings .

)(are thus critical for an attempt at understanding the relation-
ship between age and mortality of long-lived individuals. For

Primula verig in three separate quadrats, he found that individuals

in Site 1 showed virtually no mortality at all for eight years,
but then declined relatively.rapidly for the next eighteen years;
individuals in Site II died in considerable numbers over 3 years,
remained constant over 5 years, and then died off at a faster
rate; and individuals in Site III died off at a more or less
constant rate throughout the whole 26 year period (calculated
half life, 50 years). Tamm relates the pattern of mortality in

sites I and II to changing environmental conditions, and it is

tempting to regard the individuals in the most stable site,
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Site III, as best representing the decay rate of populations of

Primula veris. In studies of such long-lived individuals, it is

more or less impossible to separate the effect of changing
environmental conditions.from the effecté of age-~dependent
mortality as it would occur in more stable conditions. The
observation, however; that a population of P. veris does exhibit
age-independent mortality in stable conditions over such a long
period, indicates that this species probably follows the coﬁmonly-
observed pattern as long as conditions do not chahge, and that
there is no intrinsic effect of age on likelihood of mortality.

Dactylorchis sambucina in a dry meadow exhibited more or less

age—independent mortality over a 27 year period, although plants

of the same species in a 'mesic' wooded meadow showed a sudden
increase in mortality after 12 yearsg, which Tamm again relates to
changing environmental conditions, associated with a decline in the
total numbers of the plant. Perhaps the most striking behaviour

is exhibited by Listera ovata which has a very low, constant rate

of mortality over the whole 28 year periocd.
In summary, therefore, Tamm's observations suggest that it
is likely that a range of perennial herbs, growing:in varied grass-
land conditions will exhibit age-independent mortality over an
extremely long period if coanditions remain stable, and there is
no indication at all that individuals of great age survive better
than young ones. I
There is evidence that certain types of grasses, particularly
tussock-forming ones exhibit very different survivorship or
depletion curves, as discussed in Chapter 1, and these are not
considered further here. There is a very small amount of evidence
that indicates that decay of other plants, excluding grasses, may

not fit the pattern of negative exponential decay. Hett (1971)
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and Hett and Loucks (1971) observed the survival of a cohort of
seedlings originally studied by Curtis (1959) of Sugar Maple,

Acer saccharum, There was a gap in the data from 1956-1965,

although careful selection was made to ensure that later results
would be comparable. They considered that the survival of the
seedlings best fitted the poﬁer function model, although they
found little real difference between its correspondence with that
or with the negative exponential curve. The power function curve
indicafes that increasing age increases the chances of survival
i.e. mortality rate decreases with increasing age. There are few
examples published where decay rates are related to both the
negative exponential and power function curves, although Hawthorn
and Cavers (1976) compared their data for the survival of

Plantago spp cohorts, and found that it fitted the negative

exponential curve better. Such studies that fit observed data to
mathematical models may seem abstract, but if the observed data
correlate closely with models, then predictions may be made on
that basis, as is done with pbpulations that fit the negative
exponential by predicting the half-life and total turnover time,
for instance.

- The species studied for this thesis have now been under
observation (up to Autumn 1975) for 6-7 years, longer than the
half-life for many éf the species, and long enough to gain an‘
idea of the mortality patterns of each species. In general,
mortality has been shown to approximate to negative exponential.

A negative exponential curve may be defined by the equation:-

LY

where y is the number of individuals at time t, Yo is the initial

population number, x is the age in years, and b is the mortality
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constant. Thus decay is solely a fuﬁction of numbers., Trans-
formation of numbers onto a log scale produces a straight line
which indicates the decay rate. This.corresponds to the Type II
decay envisaged by Pearl and Miner (1935) and later Deevey (1947),
although considered at that time to rarely occur in nature (i.e.
in the animal world - little was known about plant mortality at
that time). A power function curve, in contrast, assumes a
decreasing risk of mortality through life, and is defined most
simply as: y - yox-b ]
where transformation to a straight line may be made by taking the
loge of both sides to give:-

Logey = logeyo -b loge X
whére_b is thelmortality constant.
This curve has some of the characteristics of Deevey's (1947)
Type III curve, though it need not be so extreme, and is mofe

" likely to lie midway between II and III.

Gentiana verna shows decay approximating to age-independent
mortality, except that there is an indication (not significant)
that 2-3 year olds are more likely to die, amongst those known-age
individuals followed, than earlier or later age-classes. This is
probably accounted for by the findings that Gentiana is more likely
to flower at 2-3 years old, and is somewhat more likely to die
after flowering; the effect would not be expected to be greéf'in
view of the low percentage of Gentiana plants that flower.

Polygala amarella shows mortality that does not depart

significantly from age-independence, except that plants were
found to be more likely to survive at 3-4 years, and that this
difference is significant. No convincing reason can be adduced

for this, and it is not clear whether it is really a significent
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time in the lifefcycle or not. Nevertheless, it is simply a
single-year difference superimposed on a general pattern of age-
independent decay, and there is no indication of greater
correlatién with the power function model, or other model decay
curve.

Viola rupestris x_riviniana shows no indication at all of
age-dependent mortality. Although the figures for mortality
between year?classes are variable, there is no sign of a general

trend towards increasing or decreasing mortality with age. The

: hybrid.is a long-lived perennial with few resources being put into

flower production, and none into fruit production, and it might he
expected that no particular age could be singled out as that
where mortality would be most likely.

Mortality figures for Primula farinoga are available for

a 9 year period, but unfortunately only for a very small . sample
of plants. The decay of the mixed-age population and of sub-

gsequent additions, lwaped, are shown below in Table 8.1.

Iable 8.1

Age-specific mortality in Primula farinosa plants. Widdybank.
a. Mixed-age population. Autumn figures.

Year 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977

No. at

risk 25 23 22 22 20 20 17 16 13 11
No.

dying 2 1 0 2 0 3 1 3 2

Mort. 0.08 0.04 0.00 0.09 0.00 0.15 0.06 0.19 0.15
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Table 8.1 (Cont'd.)
' b. Known-age plants.

Age-class 0-1 1-2 2-3 3-4 4-5 5-6 6-7 17-8 8-9

No. at . :
risk 15 1l 11 10 9 5 3 2 1
No. dying 4 0 1 1 2 2 1 1

Mortality 0.27 0.00 0.09 0.10 0.29 0.40 0.33 0.50

No significant differences could be detected between year-classes,
part;y because of the small samples involved. The general
indications are that mortality is age~independent, with slight
indications of increased mortality amongst older age-groups. These
correspond to the eitremely dry period of 1975-1976, and it is
not possible to disentangle the effects of year and age where so
few cohorts have been followed.

Eor a small population studied at Cassop, in lowland Durham
over the period 1973-1976, the values for the mortality rate of

the mixed-age population are:

197374 197475 1975-76
0.12 0.16 0.28

These samples were also very small, and again the apparent trénd
to increasing mortality with age coincides with the 1975-76
drought, and few coﬁclusions can be drawn.

The only real evidence of departure from age-independence

amongst the species studied is observed for Viola rupestris.

. The figures for decay of known~age plants of V. rupestrisg are

shown in Tables 6.1, 6.2 and 6.3, and their level of significance
discussed in section 6.4. These figures suggest that there is a

decreasing rate of mortality with increasing age. The data for
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an imaginary cohort based on the survival rates shown in Table
6.2 have been transformed by plotting on a loge - loge scale in

Fig. 8.1. The indications are that Viola rupestris plants decline

at a rate corresponding to a power function curve, where the
calculated value of b ié 0.4087, i.e. their decline may be

characterised as:

The daté are not a perfect fit, and more samples would be
required to test the validity of this generalisation; however
the indications are that decline of known-age individuals in

Viola rupestris does not follow a negative exponential curve,'

but may follow a power function curve.

Age-independent mortality implies that the mortality factors
operating on the population act more or less equally on plants
of all ages. If it is assumed that a plant becomes more estab-
lished during its life e.g. expands its root system, and enlarges
its above-ground paris or capacity for producing them each year,
then it might be expected that older individuals would survive
better, unless this increasing establishment caused some
mortality factor other than resource depletion to act more
severely (e.g. larger plants might be more likely to be grazed).
It would be expected, a_priori, that an established plant would
compete better than newly—established plants in closed vegetation,
gso either increasing age does not bring about any changé in
degree of establishment (possibly because competition is too

great, although this is difficult to visualise for V. rupestris

in open situations), or the plant's susceptibility to others
decreases with increasing age. It is probable that age-specific
mortality is a function of habitat and plant growth form, and

further work may show that there are more examples of plants with
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other than age-independent mortality outside the perennial herb
in grassland situation.
8.2 'Annual and seasonal mortality.
Throughout the results section (Chapters 4-7), there have Been
frequent indications that species behave differently, to some
extent, in different years. In some respects, the degree of
difference has been surprisingly small, particularly with regard
to mortality, where significant differences are the exception,
although some variation may be obscured because plants in different
sites have reacted quite differently to a given set of annual
conditions, making it considerably more difficult to generalise
about the behaviour of a speciles with regard to different annual
conditions.

Meteorological data are available for Widdybank Fell over
the period of this study, and - since management conditions in
the sites have remained reasonably constant, - it is tentatively
assumed that weather in some way or another is the most likely
factor behind the observed changes. There are, however, con-
siderable difficulties involved in relating the type of parameters
presented in this study to changing weather conditions, and it is
normally impossible to make definite.statistically-acceptable
correlations of observed performance with particular climatic
variables. Firétly; problems lie in the interactién of allhthe
different weather féctors at different times, and.the cbnsiderable
effects of the weather in one or more previous years, as discussed
briefly in 3.5.2b. Secondly, the fact that different sites react
differently to given weather conditions may indicate, in bart,
that the microclimatic conditions are different in each site,
and that the Meteorological station data is by no means

necessarily a good indicator of the conditions around the plants.
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Arnold and Montgith (1974) showed that there was quite a close
correlation between 'mean screen temperature' at the Widdybank
Meteorological station and the ground level mean temperature in
a grass tussock in an exclosure on Widdybank Fell. However, this
is unlikely to apply in all situations (e.g. frost hollows), and
other weather.variables measured at screen level may be less
closely related to ground conditions, as is well—knowﬁ.

Thirdly, internal population factors such as age-structure,

. or'density of plants (and density of the surrounding vegetation)
may interact with, or override weather effects.

Clearly, extreme weather conditions may have such an obvious
effect on the performance of the plants that correlation is
inescapable, and there is evidence that the drought of 1976
had such én effect on the mortality rate of plants in this study
(Fordham, pers. comm.). Over the period 1968-1975, the most
significant observed annual differences in mortality were as
shown below:- |

Aut.1968-Aut.1969 Mortality significantly higher than expected
: in Gentiana verna.

Aut.1969-Aut.1970 Mortallty slgnlflcantly higher than expected
in all species studied.

Aut.1970-Aut.1971 Mortality lower than expected in Polygala
amarella,

Aut.1971-Aut.l972 Mortality higher than expected in P. amarella.

Aut.1972-Aut.1973 Mortality qlgnlflcantly lower than expected
in all species except V. ruvestris (1n which
it was low, but not significantly so;.

It is immediately obvious, therefore, that conditions in 1969-
1970 were sufficiently unusual as to bring about increased
mortality in all the species studied, and that conditions in
1972-1973 were éufficiently unusual as to cause increased

survival in three out of four species.
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Various authors have attempted to correlate mortality or
particular changes iﬁ population numbers with climate, although
often these take the form of observations of major changes after
catastrophic events (e.g. Ehrlich et al. 1972). Newman (1965)
found that rosette senescence in the winter annual Teesdalia
nudicaulis was considerably hastened by prolonged drought,

although this was much less marked in Aira praecox growing under

similar circumstances (Newman, 1967). Wilson (1959) found that

- exposed plants or parts of plants were likely to die of drought
in the spring, especially during sunny weather in the conditions
prevailing in the Cairngorms, and that snow cover prevented this,
Wells-(l967) found no evidence that even extremes of climate

affected the survival of Spiranthes spiralis, while Bradshaw and

Doody (1978) conclude that mortality of Viola rupestris is

increased by ' colder - " winters, according to the

following table:-~

Year Feb. mean Survival rate
air temp. April-Oct.

1969 -3.5°C 0.82

1970 -2.0% 0.88

1971 2.2% 0.94

1972 0.5°C - 0.95

although expectation of such a clear correlation is likely to
be optimistic. Some authors have related high mortélity fo.u
particular periods of the year, and this may give an insight
into the primary mortality factors operating. Sarukhan and

Harper (1973) found that mortality in three Ranunculus spp is

highest when the survivors are making their maximum growth, or
just before. Hawthorn and Cavers (1976) found that mortality

is hignest in the period when active growth starts for two
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Plantago spp., and again in late summer, but is very low in the
extremely cold winters. Sagar (1959) found that the main period

of mortality in Plantago lanceolata is in May-June. Thus, in

general for perennial herbs in grassland, it seems likely that
the main mortality stress is caused by competition for resources,
or other factors operating strongly in the early growing season,
and that this may be influenced by particular weather conditions
at or before this time. Clearly, such events as severe frosts
well after growth has started will be likely causes of mortality,
and the different phenology and strategy of different species
will give them different relative advantages according to the
conditions., The findings of the present study are that mortality
is higher during the winter months, although this contrasts to
some extent with the suggestion of Doody (1975)-that mortality
tended to be higher, ip these species, in the summer months,
although not clearly hl,gh/? I’fhe weather during the period of this
study (1972-1975) was distinctly different from that of the
period studied by Doody (1968-1972) with a tendency. to milder
wintérs, but late cold springs in the latter period, altﬁough the
differences may have been due to slightly different recording
times, which were themselves a response to the late springs.

;n an attempt to appreciate the possible causes of the very
different mortalities in the periods Autumn 1969-Autumn 1970 and
Autumn 1972-Autumn 1973, the mortalities were first separated into
the three recording periods to see which periods were particularly
unusual. During the high mortality year 1969-1970, mortality
amongst the four species was high or average in the winter period;
during the spring-summer it was high or average; and during the

sumper-autunn it was average or low. Therefore, the increased
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mortality shown in all four species over this period occurred
in winter and spring. During the low mortality year 1972-1973,
mortality was average orllow over the winter, low or very low
from spring-summer, and low or average from summer to autumn.
Thus survival was apparently favoured throughout the whole year,
but particularly during spring compared to usual years.

Table 8.2 shows selected weather measurements for the tﬁo
years'l969-1970, and 1972-1973 compared, where available, to the
aﬁeraged values for the recording period 1968-1975. Examination
of the data for possible differences indicates that 1969-1970
(high mortality) had the following characteristics:-

1. A much wetter than average winter (Nov. - Apr.).

2. A much drier than average May.

3. A colder than average winter.

4. A warmer than average May and June.

1972-1973 (low mortality) had the following characteristics:-

1l. Drier than average from Jan - March, but wetter than
average tihrough April and May.

2. A very dry June.

3. A rather mild winter, though colder than average in
April, Less cold than 1969-1970 in all winter months.

Sunshine or windspeed were not greatly different over the
relevant period, according to monthly mean figures.

Yigs. 8.2 and 8.3 show the weekly average values for rain-
fall, sunshine, maximum air temperature, and grass minimum
temperature over the growing periods in 1970 and 1973. It is
obvious that 1973 was as cold through this period (mid-Harch to
end June) as 1970, and, in fact, suffered more from heavy frosts
in April and laite May. So, presumably spring and late frosts

are not a major mortality factor. Air temperature rose rather



Table 8.1

Weather measurements for Widdybank Fell Meteorological Station, Grid
ref. NY 818289, alt. 510M.

Monthly average figures.

OCT NOV DE JAN FEB  MAR APR MAY JUN JUL AUG SEP
1969-70 58 290 170 203 340 92 164 b 60 112 12 163
1972-73 36 295 168 91 72 50 165 92' 7 111 173 78 Rainfall (MM)
Ave. 1968-75 107 186 148 190 140 141 108 86 39 93 108 127
1969-70 7.0 -1.7 -2.5 -2.7 -4.9 -3.6 -1.0 4.6 6.8 7.6 6.7 7.5
1972-73 3.9 -1.6 =04 -0.,7 -1.8 -1.1 -0.5 3.6 7.3 10.9 7.6 6.7 Mean min. air temp.
Ave. 1968-75 43 0.1 -0,7 -1.2 -2.8 -1.7 0.1 2.9 5.8 8.4 8.6 6.5 ()
1969-70 9.9 0.7 0.0 0.4  -2,0 -0.4 2.1 8.8 11.9 10.6 12.7 10.7 Mean air temp. (°C)
1972-73 7.0 2.6 2.5 1.3 0.9 2.7 2.7 7.2 11.1 12.1 1.7 9.9 (Tmax + Tamin)
Ave. 1968-75 2.2 2.6 1.8 1.2 -0.2 1.3 3.8 7.0 10.1 12.0 12.4 9.7 2
1969-70 3.8 3.2 <44 4,5 5.2 <49 3.3 1.7 2.7 6.6 6.2 7.5 Mean Grass min. (°C)
1972-73 1.3 =1.2 =2,0 =2.7 =3.0 =3.,7 =2.7 1.7 5.2 6.0 5,6 5.3
1969-70 - 6.5 4.5 5.5 7.3 6.2 5.9 5.0 4,0 6.4 4,2 6.0
1972-73 4,5 6.5 S.h 5.6 7.5 5.2 4.6 4,1 5.1 3.9 4.9 4,4 Wind speed (M/sec.)
Ave. 1968-75 5.9 6.8 7.2 7.5 5.6 5.5 4,9 L,8 4,6 4.7 4.3 5.1
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more steadily in 1973, after an early warm period in March,
although the difference from 1970 is not likely to be great.

The highest air temperatures were reached in 1970 (19°C in‘
week.}}) at a time of vefy low rainfall, but 1973 was quite warm
and dry at this period, aﬁd there is no evidence that June was
the peak mortality period in 1970. Perhaps the most significant
factor is that May was dry, sunny and warm in 1970, compared to
1973. Welch and Rawes (1969) have shown the very high drainage
rate and frequency of drying out of the sugar limestone soils,
and it is probable that the effects of the wet winter in 1969-70
will have been rapidly lost on the freer-draininglsoils. Thus,
dry, sunny conditions, coupled with low incidence of ground frosts
and more wind than average at the time when plants are beginning
to grow fast, and many are flowering, is quite likely to have
promoted increased mortality by desiccation and competition for
resources. Further, initial recording for most species was
carried out some time during May, such that the mortality - if
May was the critical month - would be split between "winter™ and
"spring" as shown.

Generalising from the available data, it seems likely that
moderate frosts in the early growing season are not a major cause
of mortality. The period of highest mortality or the whole study
period included a wet, cold winter, followed by a dry, warm, .
sunny, windy May. It is not possible to separate tﬁe effééts of-
each factor, although it seems most likély, from other evidence,
that the frost and wet during the non-growing season will have
had relatively little effect, and that the main factors will have
operated during the early growing season. The major causes of
mortality are presumed to be desiccation or resource depletion

caused by warm, frost-free conditions in May at a time of water
?
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shortage aggravated by sun and wind.

8.3 Cohort mortality.

Several authors have observed that cohorts of plants born in A
different years have quite different decay rates (e.g. Antonovics,
1972; Williams, 1970; and Williams and Roe, 1975), and Harper
(1977) has summarised these observations and pointed out how.
puzzliné it is that survivorship of some cohorts for some species
should apparently be determined at the time of recruitment. It
is obvious from the results of this study that cohorts of all
species born ip different years have different decay rates and
corresponding half~lives, sometimes strikingly so.» For example,

half-lives of different cohorts of Gentiané verna in one quadrat

vary from 6.30 years to 0.39 years, while cohorts of seedlings

of Polygala amarella in one quadrat vary from 3.47 to 11.95 years.

There is no evidence that a given year affects all cohorts in all
sites similarly e.g. that all cohorts 'born' in 1972 were 1onger-
lived than those 'born'.in 1973; the variation is apparently

random. Since it is as apparent in the clonal growth pattern of

Gentiana verna and the Viola hybrid as it is in the seedling

recruitment of Polygala and Viola rupestris, it is unlikely to

be a genetic effect. It may, therefore, be caused by conditions
in the plants' first year affecting the rest of their life;

i.e. by whether they get off to a 'good' or 'bad' start in_;ife;
o it may be due to purely fandom vafiation particularly ﬁhére
small samples are involved; or, thirdly, it may occur because a

cohort born in year a is subjected to different conditions at

each stage of its life to one born in year a+l or a-l, and

although such generations quickly begin to overlap, some

difference in mortality is likely to result overall.
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Chapter Nine

Reproductive strategies and adaptation

Since Harper (1967) gave his pioneering Presidential Address
to the British Ecological Society entitled "A Darwinian approach
to plant eéology", there has been a considerable quickening of
interest in the different ways in which plant populations may
maintain themselves in their particular environhent, and how
different strategies of life have evolved in response to the
pressﬁres of the environment. The general accumulation of ob-
sérvations on the dynamics of plant populations has already been
discussed in general terms, but alongside this there has developed
a branch of ecology concerned specifically with the life strategies
of plants. Cole (1954) in a classic paper on the population con-
sequences of natural history phenomena drew atteption to the crit-
ical factor of timing of reproductive events in the life cycle, and
consideration of the features that affect the potential rate of
population growth. In 1967, MacArthur and Wilson crystallised
current ideas of adaptive strategy into the "r and k" theory, in
which two types of organisms were proposed: k-selected organisms
"tend to have long lives, and the proportion of energy and other
resources devoted to reproduction is small. In contrast, r-selected
types have a short life expectancy and a relatively large re-
productive effec;. In these contexts, r refers to the maximal
rate of natural increase, and k refers to the carrying capacity
of the habitat. Pianka (1970) refined the idea, which originally
related particularly to island species, and pointed out that most
species lay along the theoretical r-k continuum. The r endpoint
of the continuum represents the ecological vacuum where there are
no density effects and no competition, and the optimum strategy is

to put all possible resources into producing as many offspring as
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possible. At the k extreme, most effort is put into maintenance
and minimal replacement by a few fit offspring. Over a long period
of time, r for a stable population = O, and thus Smith (1954)
pointéd out that environmental resistance must exactly balance
biotic poténtial at that point, and therefore Tax. is an indicator
of the environmental resistance. The concept is too theoretical,
and depends on too many factors to be a reédily useable one, but

it is an important idea and is useful when comparing fhe strategies
of similar plants., Although it may appear simplistic to categorise
all plants according to two evolutionary pressures and in many ways
it is an over-simplification, the concept has proved to be of con-
siderable value in encouraging consideration of the pressures on
plant life-cycles, and the different ways in which plants may react
to different environments. Gadgil and Solbrig (1972) stress that
the concept is only meaningful on a comparative basis, for which
there are no absolute criteria. Their work with biofypes of.
Dandelion in natural situations (Gadgil and Solbrig, 1972; Solbrig
and Simpson, 1974) has shown that a particular biotype charact-
erised by higher output of smaller seeds, higher proportion of
bioiass devoted to reproduction, and lower competitive ability is
dominant in disturbéd habitats over a biotype with typica; k-
selected attributes; The latter biotype was also found to becone
dominant in the stable conditions of the experimental situatioq.

In later experimental work (Solbrig and Simpson, 1977) they found |
that perturbation of experimental plots considerably affected the
final equilibrium of biotypes, and that - as predicted - one
biotype (type D) dominated the undistﬁrbed plots, and another

(type A) dominated the disturbed plots. Moore (1976) quotes

Sterk (1975) who showed that populations of Anthyllis vulneraria

behaved differently in unstable open coastal conditions compared
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to populations in more stable inland sites in Holland. Plants on
the coast produced more flowers per plant, began flowering earlier,
and mortality was related to stresses in the abiotic environment
(e.g. drought). In contrast, plants in the more stable,-closed
inland situations had féwer flowers produced by older plants, and
mortality was considered to be the outcome of competitive intefplay.

The broad concept of r- and k- induced adaptation is thus
supported by experimental and observed evidence, although much of
the accumulated evidence is circumstantial.

-Hickman (1975) studied Polygonum cascadense in a mountain

environment apparently rather similar to that of Upper Teesdale,
where erosion constantly produced a mosaic of stable, unstable and
intermediate habitats. He found that plants of the Polygonum
allocated proportionately more resources to reproduction in harsh
open habitats than in the more moderate habitats, and that these
differences were "environmentally-cued" rather than genetically-
determined. He states that such envirommentally-cued adaptive
behaviour is unique among-plants studied, and he relates it to the-
short-term unpredictability of the habitat.

Grime (1977) has developed and refined the r and k hypothesis
further, He concludes that there are 2 main external
factors limiting plant biomaés: 1. Stress, which acts to restrict
production, e.g. sho#tages of light, water, nutrients, etc., .

2. Disturbance: partial or total
destruction of the plant biomass by such activities as herbivores,
pathogens, ﬁan, wind damage, soil erosion, etc.

As a result of the conclusions of Milne (1961) that the word
"competition" was rarely defined, and despite ﬁhe suggestion by
Harper (1971) that it be abandoned through misuse, Grime (1973)

defines competition as "The tendency of neighboring (sic) plants
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to utilise the same quantum of light, ion of mineral nutrient,
molecule of water, or volume of space". A degree of intimacy is
clearly implied. He goes on to distinguish three fundamentally
different forms of natural selection that have taken place during
evolution. These are:

1. C - selection for highly competitive ability, depending
on the ability of the plant to maximize growth in
productive undisturbed conditions.

2. S - selection, causing reductions in reproductive and
vegetative vigour allowing endurance of continuously
unproductive conditions arising from environmental stress,
or severe resource deplétion by the vegetation.

3. R - selection, associated with short life span and high
seed production evolved in severely disturbed but
potentially productive conditions.

Although similar to the r- and k- theory, it differs in that stress-
tolerance is recognised aé a distinct étrategy evolved in
intrinsically unproductive habitats or where there is extreme
resource depletion by thé vegetation itself. Grime suggests that

there are 2 critical points along the r-k continuum: (1) where

_intensity of disturbance becomes insufficient to prevent exclusion

of ruderals by competitors, and (2) where the level of supply of
resources is depleted below the levels required to sgstain the .
growth rates of 6ompe£itoré, and selection beging to favour the
more conservative physiologies of the stfess—tolerators. Grime

(1977) illustrates it as follows:-
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r : K
He recognises, however, that the basic scheme is both incomplete
and misleading in that the simple linear arrangement of the
strategies does not provide for the wide range of equilibria

which may exist between stress, disturbance and competition which
has provided coﬁditions for the evolution of wvarious types of
secondary strategy; Grime (1977) recognises four such secondary
strategies, and it is these'thaf seem to be particularly applicable
to many of the Teesdale plants. They are:

(1) C-R. Adapted to low impact of stress, and competition
is restricted by moderate intensity of disturbance (e.g.
fértile cattle pastures and meadows ).

(2) C-8. Stress-tolerant competitors, adapted to undisturbed
conditions experiencing moderate intensities of stress
(e.g. open forest, scrub on infertile soils).

(3) S-R. Stress-tolerant ruderals, adapted to lightly
disturbed unproductive habitats (e.g. droughted rock
outcrops, érevices in cliffs and walls). |

(4) C-=S-R plants. Confined to habitats in which competition
is restricted to moderate intensities by the combined
effects of stress and disturbance, (e.g. unfertilised
pastures and meadows).

It is found that the R-strategists are a reasonably homogeneous

group, while the C-strategists have a wide range from perennial
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herbs to trees, and S~strategists have the widest range, from
lichens to trees.

The general features of stress tolerance are: slow rates of

growth, evergreen habit, long~lived, low phenotypic plasticity,

shy flowering and the presence of mechanisms that allow the
vegetative plant to take advantage of temporarily favourable
conditions (e.g. the presence of functional leaves throughout the

year). Low palatability is also suggested a priori on the grounds

that the slow growth rate would cause slow recovery from defoliatior

These theories have been elaborated fully because the population

-characteristics of the species studied are now known in reasonable

detail in a series of habitats in one of the most unusual areas,
botanically and environmentally, in Britain. Their strategies,
particularly in view of their known or presumed survival from the
last glaciation, are thﬁs of particular interest in the 1light of
current theories.

The hybrid Violet, v, rupestris x riviniana, has perhaps the

simplest, but in some ways the most revealing, life strategy. Its
rate of increase is necessarily limited to one component only,
that of clonal growth giving rise to new rosettes that become
independently rooted. A proportidn of resources (Harper and
Ogden, 1970) is, nevertheless, devoted to flowering, and Bradsha#
and Doody (1978) record that the hybrid produces as many flowers
as V. riviniana and more than V. rupestris. Doody (1975) with

confirmation from the results of this study, found that flowering
was consistently higher at site 9'than at 3, and over the whole
recording period, up to 1975, there was a higher production of
flowers at 9 in every year. Further, mortality was found to be
considerably and significantly higher at 9 than at 3. Site 9 is

apparently more disturbed, by inherent soil instability than 3,
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with somewhat more open vegetation, and it is much more apparent
that it is over sugar limestone. in other words, plants in the
nore disturbed site devote more resources to flower production

and live less long'than plants in more closed turf, closely fitting
the general tenets of r-k or R-C-S adaptive pressures. Yet, there
can be no adaptive significance in this for the hybrid. The
devotion of more resources to flowering cannot result in increased
seed production or increased seedling recruitment.  Further, select-
ion can only have taken place at the original establishment stage,
since the established clone can make no real genetic adaptation.
Therefore, unless it is merely chance that clones with quite
different characters bécame established in those habitats most
suited to them, or if some selection happenéd to operate amongst
hybrid seedlings to favour that plant which would have the best-
adapted characters when adult, then it must be presumed that these
apparent adaptive differences are in-factI“environmentally—cued",

as shown by Hickman (1975, for Polygonum cascadense. Further

experimental work is clearly required to test this possibility
befofe conclusions can be firmly drawn, but it is obvious that the
behaviour of this hybrid is of general interest to the discussion of
adaptive strategies. Vegetative recruitment in the hybrid was not
significantly different between the sites, and was maintained
generally at a low level, slightly higher than necessary to
balance mortality. There is no information on loss of roseffes
before they appear in the quadrat (i.e. before they are first
recorded), but it is presumed that this is low or non-existent.
The overall strategy is therefore an exceptionally cautious one,
where about 907% of the population is maintained each year, and
each plant produces, on average, a newv vegetative addition every

eight years (or one in eight plants produce a new addition per
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.year) for which the pbst—emergence survival rate is as good as

an adult's. A proportion of resources is wasted in the production
of open and closed sterile flowers at as high, or higher rafe

than that of the parents. Although there is evidence that the
more floriferous clone (at 9) has higher mortality, there was no
particular difference in density of plants between the two sites,
and it seems likely.that the clone in the more disturbed site (9)
also has a greater rate of'vegetative recruitment (suppérted by
the figures over the whole period, which show higher recruitment
in 9:1 although not significantly so). Presumably the more open
and disturbed nature of site 9 allows established plants t0 pro-
duce more rosettes under the less competitive conditions prevailing,
despite diversion of more resources to flowering.

Gentiana verna has an essentially similar strategy to that

of the Viola hybrid, although the generation time is considerably
shorter and the factors behind the reliance on vegetative re-

production are different. Gentiana vernza has two potential methods

of increase, or two values of r; vegetative reproduction by the
production of new, independently~rooted rosettes, and the pro-
duction of seed. In the study area, the gentian behaves as a shért-
lived normally polycarpic perennial; in the stud& sites, no

gentians produced capsules because of severe grazing by sheep, and
it may be that the species would act as a monocarpic perennial if
capsules were allowed.to devélop. Aslfar as the permanent study

plots were concerned, I .wWas more or less zero with only 3

eed
seedlings recorded in the period of study altogether, and it is

probable that the strategy of this species has adapted or adjusted
in response to this pressure, which has existed over a long period.

Normally, about 7% of plants in the quadrats produce flowers;

virtually all of the resources diverted to this are wasted under
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the present conditions, and it is argued in 5.7 that this diversion
of resources to flower production is likely to be decreasing.

In its potential, Gentiana verna lies between the extremes of

r and k , but it is likely that k-selection is operating to push
it away from r- and reduce its intrinsic rate of increase. The
gehtian differs from the hybrid Violet in its strategy in that its
rate of turnover -and replacement is considerably faster, but also
in the fact that the population consists of a much greater nnmbef
of clones, and that addition of variability from seed (which is
very mobile) set elsewhere, in less gfazed conditions, is likely

to be a constant factor. It is very similar in that it relies on
the production of relatively few new plants (0.32 per plant per yr.)

into which a considerable proportion of resource is placed, but

whose survival rate is very high (like V. rupestris x rivinigna,
there is no information on the loss of Gentiané ramets before they
emerge, but it is presumed to be low). Both waste a proportion of
their resources by producing flowers (in 3-7% of individuals on
average, per year) that do not or cannot develop fruit. It is of
interest that, despite their comparable strategies, the gentian is
the commonest plant amongst those studied within the area, while
the Viola hybrid is the rarest (and one of the rarest plants in
Britain). The hybrid is confined to a very specific habitat, as
described, while the gentian occurs in a wide range of closely
related habitats.

One of the parents of the Viola hybrid, V. rupestris, has

quite a different strategy. It is a long-lived perennial poly-

carpic plant, capablerf repeated-producing over a long period of
time without apparent detriment to the plant, and its strategy is
the most complex of those observed. From a purely numerical point

of view, r has two components; those of seed production and
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vegetative rosette production. Seeds may be produced from
potgntially (though not necessarily regularly) outbfeeding chas-
‘mogamous flowers, or from inbreeding cleistogamous flowers. Seed
from cleistogamous fldwers constitutes a high proportion of the
total production, but no distinction is made between seed and
seedlings from each type once the seed is dispersed (for practical
reasons!), and it is assumed that survival of each type is equi-
valent, although this may not be the case in certain habitats.

V. rupesiris reaches reprodﬁctive maturity at 3-5 years old, and

once this state has been reached, it may flower repeatedly for a
considerable number of years, a few plants having been recorded as
flowering seven times. No doubt they can continue to flower until
‘death. On average, over the period 1972—1975, 7.5% of plants
produced flowers of one or both types per year, but because of the |
repeated production of most flowering individuais, the percentage
of plants recruited that actually produce flowers at some time must
be considerably lower, since it is only necessary to replace those
flowering individuals that die to maintain the average percentage.
The seeds produced are reasonably heavy (1.20mg., from Bradshaw
and Doody, 1978) and are produced at the average rate of 6i seeds
per 100 plants per year which must be considered low amongst

grassland plants (cf. 100 per plant for Thesium humifusum, 270 vper

plant for Polygala calcarea, or 98,000 per plant for Orobanche
elatior growing in chalk grassland (Salisbury, 1975), or up to

3 million from one plant of Juncus effusus (Salisbury, 1976),

although these figures aré not directly comparable as they are
pér flowering plant, rather than per plant in the population).
165% of this seed appears to survive to produce seedlings (see
Fig. 6.4 and section 6.7.2), of which 75% survive their first year.

This scems to be a fairly moderate policy, midway between the
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high seed survival of Vulpia membranacea, for insfance, where

90% of seeds germinated, (Watkinson, 1975) through the more

comparéble figures of 21% and 6% survival for Sedum smallii and

Minuartia uniflora respectively (Sharitz and McCormick, 1973) and

the other extreme shown by orchids, broomrapes, etc., where only
a few seceds from hundreds of thousands survive (Salisbury, 1942).
The second means of increase is by a form of vegetative
reproduction, as described in 6.1, in which new rosettes are pro-
duced on sfem shoots from the parent plant. The significance of
this has been discussed in 6.7.3 with reference to the pop-
ulation's survival. This vegetative reproduction is estimated to
-occur at about 9 new rosettes per 100 plants per year, and -
although the rosettes are thought to always remain attached to the
parent - a degree of advantage is attained in terms of increased
space, incoming light etc. utilised, aithough if cannot really
be regarded as reproduction any more than above-ground branching.
The true recruitment rate of the population is provided by the
number of seedlings, and, from a strategic point of view, the
vegetative branching must be regarded as a way in which established
plants can increase their degreé of cover in the vegetation.
Particular interest attaches to the different behaviour or

strategies of Viola rupestris populations under different environ-

mental conditions. The general features of this have been dis-
cussed under secfion 6.7.3, and are discussed here only as they
may relate to life strategies and their adaptive significance.

In closed turf (plots 3:2, 3:4 and 6:2), plants have a

shorter life, much reduced flowering and lower'production of seeds,
and there is some indication that they may have a longer pre-
reproductive life (see Table 6.11, but the sample of plants

followed through from birth is manifestly inadequate), and they
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occur at a lower density when compared to plants in open, semi-
open or disturbed situations. In one "closed" plot, vegetative
recruitment is well-above average, though not in the other two.
The vegetative growth is not, however, a true reflection of an
increased ability to survive, for reasons explained. It.would

thus appear that the Viola rupestris plants are ill-adapted to

the closed situations as no characteristics have developed that
fit the population for such situations. A reduced ability to
reproduce would demand an increased capacity for self-maintenance
(i.e. increased longevity) for the population to remain stable.
It is probable that this lack of adaptation relates to the
Teesdale environmenﬁ which is "a constantly varying complex,
unstable in detailed pattern, but stable in overall maké-qp".,

(Bellamy et al. 1969). Thus, Viola rupestris grows 6ptimally in

open disturbed habitats; where most seedlings establiéh, the plants
flower better, produce more fruit and live longer. In.some areas,
this habitat will have changed away from the.optimum, by colon-
isation and stabilisation, and the Violets will have found them-
selves in 1lncreasing competition with other specieé. This results
in.a decreased reproductive performance, initially environmentally-
induced only, and a decreased length of life through increased
stress. This would be the first.step towards the evolution of

a k-selected biotype with increased powers of self-maintenance,

but the process will go no further ir there are insufficient long-
lived individuals to survive and reproduce in the changed habitat,
and the species will be ousted from the closed grassland. It is
postulated that the populations in closed grassland are declining,
and will continue to do so unless a more k-~adapted biotype
establishes, or the habitat maintains or increases its level of

disturbance such that V. rupestris can survive without adaptation.
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In addition to the observed differences in behaviour, the theory
is borne out by the absence of the Violet from most of the
apparently similar grassland on the Fell, and that the predomi-
nance of an inbreeding mebhanism would be likely to slow the rate
of adaptation to any'change. It would be unwise to base too much
on only 7 years.of recording and observation, and experimeptal
work would be necessary to test much of the truth of these state-
ments, although the suggestions correlate well with the observed
facts. The adaptive strategy, or lack of adaptability in

V. rupestris clearly relates to its reproductive process. Clausen

(1962), for instance, has shown that populafions of Viola often
undergo subdivision, and that character divergence occurs between
ldoal colonies of single species, whether reproduétion is by means
of cleistogamous flowers only, or not. Aas Grant (1971) and
Williams (1975) have pointed out, uniparental reproduction by
cleistogamy gives rise to offspring that are very similar tb the
parent, and differs little from vegetative reproduction in this
respect. Although we know the approximzte proportion of seeds
produced by cleistogamous or chasmogamous flowers for the V.
rupestris population, we 4o not know the proportion of chas-
mogamous flowers that are self-pollinated, and the proportion of
"uniparental" seed may be higher than it appears. Beattie (1976)
has shown the presence of buffered gene flow in chasmogamous
.flowers, and he argues that'cleistogamy is the optihal'mode'af
reproduction for Viola colonies. Clearly, though, a degree of
recombination 'is required for adaptation to environmental changes,
and the ability of a population to respond depends to a large
extent on the frequency of crossing within the population, and
with plants from other populations. It would be intefesting to

know the frequency of cross-pollination within the V. rupestris
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populations in Teesdale; this may be very low in view of the
relative scarcity of pollinators and low production of chas-
mogamous capsules, and this.may relate to its observed inadapt-
ability.

Polygala amarella reproduces solely by seed. In Teesdale,

it acts as a rather short-lived perennial, with the capacity for
repeated-production. It reaches reproductive maturity at 2-4 years
old usually, and may then be polycarpic, with some plants haﬁing
flowered for five years. Only a small percentage of individuals
'vorn' actually produce flowers during their lives. The annual
percentage flowering is about 16% of plants, but rather less
individuals produce flowers during their lives. Relatively féw
large seeds are produced, at the rate of 9 per flowering plant;
although the capacity is considerably higher and is restricted by
factors such as grazing. On average 88% of these seeds appear to
be iost, but after germination, survival of seedlings is as high
as that of adult plants. '

As indicated in Section 4.7.4., there are observed differences
in the general étrategy of plahts in different sites on Widdybank
Fell. Plants at Site 6 live longer, have a lower flowering per-
centage, and - hardly surprisingly - have a lower recruitment than
plants in other Widdybank sites; They exhibit the typical
k—adapted strategy of reduced effort put into reproduction and
more into self-maintenance, although there is no further evidence
to show whether this is genetic or environmental. As discussed in
4.4; , the observed environmental site differences between 6 and
some other sites are small, and it may be that plants at 6 have
become adapted to closed turf because they have survived such
conditions for longer than plants at site 7 which is closer to

open eroding edges. P, amarella is a habitual inbreeder, and as
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Grant (1971) and Williams (1975) have pointed out uniparental
sexual reproduction gives rise to offspring very similar to the
parents, and differs little from vegetative reproduction in this
respect. IA other words, plants at 6 may have adapted better to
closed turf conditions than plants in similar situations at site 7,
possibly through longer exposure to such conditions, or possibly
through the presence of more suitable genes initially, combined
with genetic isolation from adjacent colonies.

One general point of interest concerns Harper and White's
(1974) suggestion that early mortality amongst seedlings represents
the shedding of the ill-adapted "genetic load" of the species,
caused by normaL recombination. ' They suggested that the specific
risk period should thus be lower or absent in apomicts, although
no information was available on the survivorship of such species.
It may be of interest, in this context, that, whilst the seedlings

of P, amarella and V. rupestris are quite similar in size and

general morphology, those of the totally-inbreeding P. amarella

survive considerably better than those of the partially out-

breeding V. rupéstris. It would be of considerable interest to

compare the survival of seedlings of V. rupesiris from seeds from
cleisfogamous flowers with those from chasmogamous flowers known
to have been cross-pollinated, since many other factors may be
acting in the comparison between species,

Finally, Primula farinosa was studied in two widely différcnt

situations, in Teesdale and in a site in lowland County Durham.
Few data are available, but it is apparent that the species has

rather different strategics in the two situations. Primula farinos:

is a reasonably long-lived perennial, which can produce large
numbers of small seeds when capsules are allowed to develop. The

sole true method of increase is by seed, although sécondary
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rosettes may develop on the parent, and are able to flower
although they do not become independently-rooted. Plants are

able to flower repeatedly through their life,_producing 4-8 flowers
in an. umbel, although in.Widdybank these only rarely developed

into ripe capsules due fo removal by grazing sheep. In Cassop,
seed was usually produced, and the average number of seeds per
inflorescence over the period 1973-1975 was 418162, although a
proportion frequently suffered from fungal attack.

Table 9.1 shows the half-lives of mixed-age populations
and subsequent additions of Primula farinosa populations on
Widdyﬁank and at Cassop. It is obvious that plants on Widdybank
Fell ' usually live longer, with a half-life about fwice that of
the Cassop populations. Table 9.2 shows the rate of recruitiment
of new seedlings per plant in the different sites. Again, it is
obvious that the populations behave differently, with recruitment
at Cassop about ten times as high (over the period 1973-1975) as
that on Widdybank.

The site at Cassop lay amongst damp Sesleria grassland as
deseribed in Chapter 3, with light grazing and trampling by stock
or horses. The dampness and steepness of the slope meant that
trampiing had considerable effect, and hoof-marks were readily
vicible as areas of displaced turf. The site is essentially
considerably more favourable than Widdybank Fell, with better .
climate and greater productivity, but.ﬁuch less staﬁle. in this

more productive but unstable site, P. farinosa appears to have a

much faster turnover, greater fecundity, and better establishment
of seedlings, although longer periods of observation on larger
samples Q¥ required to verify this.

Although the species studied all have different strategies,



Primula farinosa

Tsbhle 9,1

Half-lives of mixed age vopulations and
age cohorts (in years).

Sites
Cagasop Cassop Cassop Widdybank
pp_ 1 pp 2 Both 6:)
¥ixed age population 3.85 2.48 3.59 ~7.70
Seedlings: Spring 1969 8.50
Spring 1970 : 4.50
Spring 1974  4.33 NR M
Summer 1974 2.25 NR NR
Autumn 1974 1.26 NR NR

Suwmer 1975 NR 1.25 NR




Primala farinosca

Table 9.2

Annual recruitment of seedlings.

Sites

Widdybank 6:1 Cassop 1 Cassop 2 Cassop Ave.

1969 0.09

1970 0.07

1971 0.00

1972 0.00

1973 0.00 0.03 0.00 0.03
1974 0.06 0.09 0.20 0.10
1975 0.00 ' 0.43 0.60 0.44
Site

Averages 0.03 0.19 0.20 0.19
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and have adjusted to the Teesdale conditions in different ways,
the differences are relatively minor compared to the total range
of reproductive strategies occurring amongst plants. The
environment of the sugar limestone is a harsh one, where stress,
competition and disturbance all play a part, and this combination
of factors has probably prevented the successful survival of

plants with widely differing strategies.
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Chapter Ten

Environmental factors and conservation

10.1 Introduction.

The relevance of population dynamics studies, and in particular
these Teesdale stﬁdies, to conservation has been thoroughly dis-
cussed by Bradshaw and Doody (1978 and in press). The species
chapters in this thesis contain sections which outline the weak-~
points of the species' life-cycles and their susceptibility to
management changes, and the effects of weather and adaptation to
the environment have been discussgd in Chapters eight and nine.
This chapter considers further two factors which may be of con-
siderable significance to the survival of the rare plants, in the
light of the results from this study.

10.2 The effect of the Cow Green Reservoir.

The proposal, in 1965, to build a reservoir at Cow Green which
would flood a considerable acreage of rare plant communities met
with a great deal of resistance from scientists and many othe;
interested partiés (Smith, 1975). However, the reservoir con-
struction proceeded deépite the vigorous opposition, and some

21 acres of rare plant communifies were flooded. Although the
greater proportion of these communities remained, there were wide-
spread fears that the presence of the reservoir might continue to
affect the survival of the rare specieé by causing éhanges.iﬁ'fhe
climate and watertable of Widdybank Fell, and -~ as described in
Chapter three - the sites for this study were set up to monitor
the effects of any such changes; Other factors have come into
prominence, since the completion of the reservoir, which appear
to be more likely to affect the unique plant-life. These include

a huge increase in visitors to Cow Green, reaching an estimated
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figure of over 70,000 in 1977 (T.J. Bines, pers. comm.), and
considerable erosion of the sugar limestone adjacent to the
reservolr at an alarming rate (I. Findlay, pers. comm. ).
Investigation of these factors was not made part of this study,
and, since other investigations on their effects are proceeding,
they are not discussed further here, although their importance
is considerable.

There is some evidence that the reservoir has slightly
altered the climate by reducing the severity and intensity of
frosts to a small extent (I. Findlay, pers. comm.), but a much
longer period of reéording will be required before this can be
confirmed. Using the changes in numbers of plants over the whole
recording period as the most reasonable general indicator of the
possible effects of the reservoir, an idea of the effects may be
gained by comparing the changes at distances A, B and C from the
reservoir, where A is closest to the reservoir. On this basis,

there is no clear trend for Gentiana vernz; Viola rupestris

increased strongly at all four A sites, decreased at the B site,
and decrecased in one out of two C sites. The Viola hybrid increased
at the A site, but decreased at the C site, whiie Polygala
inéreased at B, but decreésed at all C sites to a greater or lesser
extent. The initial impression, therefore, is that the plants
closer to the reservoir are doing slightly better than those -
further away, although no firm conclusions can be drawn, for
several reasons. Firstly, there are considerable variations in
site factors overlaying, and probably dominating, the effect of
distance from ?WM. Secondly, it is not necessarily true that

the effects of the reservoir -~ if any - on climate will simply
decrease linearly with distance from the reservoir. Changes in

rainfall, for instance, might be most marked on the first slopes
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down-wind from the reservoir. Thirdly, from the relatively short
period of recording since the reservoir filled (5 years), data
are probably inadequate to detect true trends.

The plants have su;vived for several thousand years under
varying conditions of climate, and it seems most likely that they
will not be affected by small changes in climate per se, although
other factors associated with the construction of the reservoir
may prove to be more serious.

10.3 The effects of grazing.

There have been many references through.Chapters 4-7 of the
observed or putative effects of grazing on the plants in this
study, and it is clear that grazing plays, and has probably always
played, a major role in the survival and success of these plants.
On Widdybank Fell, grazing is almost entirely by a flock of sheep
whilst grazing on the study plots on Cronkley Fell is almost
entirely by rabbits. Sheep-grazing is seasonal, for the warmer
8-10 months of the year only (I. Findlay, pers. comm.), while
rabbit-grazing is, of course, all-the-year-round. This may, in
part, account for the severe erosion on Cronkley Fell, since
productivity in winter is virtually nil, and. severe overgrazing
(and probably high rabbit mortality) must result.

The role of grazing on the post-glacial survival of the
rarities has been brielly discussed in 2.4, and its effects on
the present-day vegetation only are considered here. Grazing
affects the plants in the sward in a multiplicity of different
ways, and the relative importance of these varies considerably
according to the type of herbivore, the period and intensity of
grazing, the substrate, the species available to colonise the

sward, the climate, and other factors, .and it is therefore hardly
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surprising that it is difficult to make generalisations on the
effects of grazing, especially in view of the rather limited
range of studies carried out. ‘

It has been known for a considerable time that removal of
herbivores from a grazed environment may lead to a reduction in
plant species diversity (e.g. Tansley and Adamson, 1925; Hope-
Simpson, 1940; Watt, 1960), and from a conservation point of view,
such knowledge is essential. Equally, overgrazing may lead to
erosion, or to dominance by a few unpalatable species, depending
in part upon the situation. Jones (193%3) found that continuous
overgrazing where the dominants were palatable led to increased
diversity, while Milton, (1940 and 1947, quoted by Harper, 1969)
found that overgrazing caused dominance of a few unpalatable
species. On the sugar limestone grasslands, grazing pressﬁre is
very high, relative.to productivity, since the sheep congregate
on the grasslands in preference to the blanket bog. The dominant

species are palatable (e.g. Festuca ovina, Sesleria caerulea) and

there is no evidence of increasing dominance of unpalatable species.
On the rabbit-grazed summit of Cronkley Fell, it seems likely that
the combination of.friable soil and severe grazing in all seasons
has caused the extreme erosion that occuré.

-In Teesdale, Welch and Rawes (1364) have shown that reduction
in grézing pressure leads initially to a reduction in species. .
diversity, and both Doody (1975) and Bellamy (1976) have pointed
out that removal of grazing on Widdybank Fell appears to lead to
reduction in diversity at the expense of the rarer species. So,
the preliminary and most important conclusion must be that grazing
removal, at least on the deeper limestone soils, would lead to a
‘reduction in the number and variety of the rare species which

would probably be irreversible.
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However, the situation is much more cpmplex than this.
Herbivores do more than remove the leaves of the plants in the
turf. Observations indicate that herbivores in general create
baré patches by rubbing, lying, or trampling, .(Harper, 1969)
which may be essential for the survival of some species.. Harper
(1977) quotes unpublished data from Sarukhan showing that the

germination pattern of seedlings of Ranunculug bulbosus closely

followed the outline of hooves of cattle-trampling in the previous
year. Grazers may consistently remove flowers or fruit of plants
in the turf, although at the same time fhey may assist dispersal
of seeds that can survive passage through the gut. 'Further, long-
term adaptatidns to gfazing may occur with'respect to reproductive

strategy (as suggested for Gentiana verna in this study),

palatability, growth form, and other factors. They may also
remove whole plants of some species (e.g. Gentiana in this study).
It has become apparent throughout this study that the severe
grazing taking place is inhibiting flower and fruit production in
most species, and that a considerable number of potential new
plants are lost in this way. At the same time, there is limited
evidence to suggest that some species may bLe responding to this
grazing by preducing less flowers, both by long-term genetic change
and through the effects of defoliation. Yet grazing appears to be
essential for the mainienance of the habitat in which the rare
species can survive. Thus there exists a critical balance
between the level of grazing which allows such species as

Primula farinosa, Viola rupestris, or Polygala amarella to produce

adequate seed for replacement, and the level that allows the
development of more competitive species that will oust the
rarities. If all the rare species are surviving adequately, then

the present management is likely to be the optimum one, with any
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change probably favouring some species at the expense of others.
The concentration of rarities is such that it is difficult to
manage for one species in isolation from others. However, the

indications are that the survival of Polygala amarella is very

precarious, and there ié a good case for small-scale selective
exclusion of grazing around Polygala plants during the flowering
and fruiting season to allow an increased development of seeds.
If the proposed changes taking place in the genetic constitution
of the Gentiana clones are accepted as likely, there may also be
a case for selectiﬁe prevention of grazing around Gentiana plants
in various areas, so that seed of more floriferous clones may be
dispersed, and variation introduced. At the same time, care must
be taken that such management éhanges do ﬁot alter the environment

away from that demanded by Polygala or other species.
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