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"Yesterday afternoon set in misty and cold. I had
half a mind to spend it by my study fire, instead of

wading through heath and mud ......

Emily Bronté 1847,
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ABSTRACT

Aspects of the ecolog§ of the moth Coleophora alticolella have
been investigated at a low-altitude site on the Cumbrian coast (15m above
sea~-level) and along a transect from 215m to 61l0m on the western escarpment
of the northern Pennines. The larvae of this moth feed on the seeds of
the rush Juncus squarrosus. Seed production by the food-plant is reduced
at higher altitudes, where the climate is severe. The oviposition period
is delayed with increasing altitude and the eggs are laid singly, if there
are sufficient oviposition sites on the developing inflorescences.
Survival of the larvae, betweep'hatching and establishment inside the food
supply, is directly related to the proportion of J. squarrosus florets
developing into seed capsules,: _Cbnsequently, as a result of the
progressive reduction in seed qépsule production with increasing altitude,
there is greater mortality during larval establishment at the higher sites.
Larval case production and subseqﬁ;nt migration to overwinter in the leaf-
litter are both retarded with ;pcreasing altitude, provided that the food
supply is adequate. Both the number of species of parasitic Hymenoptera,
attacking the larvae, and the-pergentage parasitization are reduced with
increasing altitude. <Hyperparasitoids were present at the lowest site.
Starvation of the larvae, as a result of the reduced J. squarrosus seed
production, was the most important mortality factor in the population
dynamics of Coleophora alticolella at the highest altitudes. Parasitoids
controlled the population at the lowest altitude. Between these two
extremes, competition for food by the fourth instar larvae is most
important. This acts as a denéity—dependent factor, reducing natality
in the following spring. The larvae often eat all of the seeds produced
by the food-plant in this middle region, but not at sites of higher or

lower altitude.
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CHAPTER 1
INTRODUCTION

Animal populations fluctuate around a mean level of abundance.
However, this mean level is not the same in all parts of the animal's
range; it is generally lower towards the edge of the distribution
(Klomp 1962). Despite this, insects, and other animals, are usually
studied where they are most abundant and conditions are favourable
(Wilson 1968). Huffaker (1958), among others, has stressed that insects
should be considered in both salubrious and hazardous environments.

Few studies have actually achieved this, a notable exception being that
of Whittaker (1971).

This thesis describes the results of an investigation into the
ecology of the moor rush moth Coleophora alticolella Zellexr, over a
large altitudinal range in northern England; from 15m to 610m above
sea-level. Previous ecological studies of this species have mainly
concentrated on the upper part of this range (Pearsall 1950; Jordan 1958,
1962; Reay 1964; wWelch 1965). Coulson and Whittaker (1978) have
suggested that a study of this species in the lower part of its altitudinal
range may reveal regulation of the population density. This does not
occur in the harsher conditions at higher altitudes; here, large
fluctuations in numbers and frequent local extinctions are characteristic
(Cragg 1961).

Insects are not affected by altitude per se, but by the whole
gamut of associated climatological changes. These are primarily
temperature, rainfall and windspeed, which act synergistically to produce
more severe conditions at the higher altitudes (Manley 1952; Taylor 1976;

Francis 1978). In addition, the use of an altitudinal gradient, to study
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the effects of different climatic regimes on insect populations
eliminates the differential effects of photoperiod, which might otherwise
complicate the problem if latitude were used.

Coleophora alticolella is one of the rush-fecding Coleophoridae
and its laxvae feed on the seeds of many species of Juncaceae (Richards
and Clapham 1941; Jordan 1958). The heath rush, Juncus squarrosus L.,
is the most commonly utilized food-plant in the area used for this
investigation, but the larvae have also been observed feeding on the
seeds of J. effusus L. and J. conglomeratus L. Older larvae have been
recorded feeding on the seeds of Luzula spp. (Jordan loc. cit.). However,
it is the relationships between Coleophora alticolella, Juncus squarrosus
and altitude which have been studied during the research reported here.

The climatic differences associated with altitudinal changes
are expected to affect insects both directly, for example on their
development rates, and indirectly, through their food supply. For this
latter reason the responses of the larval food-plant to the climatic
gradient have been investigated. These studies show that seed production
is reduced under the strictures of the harsher climate at higher altitudes.

The distribution and abundance of the Coleophora alticolella
eggs and larvae have been investigated in relation to the available food,
and the changes along the transect arxe enumerated. Results of studies
into the development of C. alticolella at different stages of the life-
cycle show its response to the cooler conditions at higher altitudes.

Just as C. alticolella is affected by the climatic changes along
its altitudinal distribution, so are the parasitic insects which attack
its larvae. Some of the factors affecting these natural enemies in the
different parts of the host range have been investigated, in order to

explain the reduced rate of parasitization at higher altitudes.




The data collected on these various aspects of C. alticolella
ecology have been incorporated into life-tables. These enable the
author to show that the factors affecting the population dynamics of
the insect vary in different parts of its range. The effect of
C. alticolella on the survival of the Juncus squarrosus seeds has also
been considered.

Finally, the results are discussed in relation to theories on the
biological control of insect pests and weeds, and to current population

models.

It is convenient, at this point, to give a brief introduction
to Coleophora alticolella, with an outline of its life-cycle.
C. alticolella is a small moth, with a wing-span of a little over ten
millimetres, The identity of the adult moths was confirmed by comparing
the genitalia with those of Zeller's type-specimens, prepared by Bradley
(1955) and held in the British Museum (Natural History). The life-~history
of C. alticolella has been described in detail by Jordan (1958) and is as
follows. The adults emerge at the end of May or in June, to coincide
with the flowering of the food-plant. They are weak flyers and spend
much of the adult life on the vegaiation. The eggs are laid oa the
developing Juncus squarrosus inflorescences during June and early July.
Aftex hatching, the larva burrows through the pericarp of the developing
seed capsule to feed on the seeds. The larva remains entirely within the
seed capsule until August or September when, at the end of the third or
beginning of the fourth instar, it spins a papery protective case. The
larva then has an errant phase, moving about the inflorescence in search
of further sead capsules. It is at this stage that Coleophora alticolella

is most conspicuous, as the larval cases protrude from the seed capsules




like grains of rice (Plate I). In the late summer and autumn, the
larvae leave the food-plant and move down into the leaf-~litter where
they svend the winter in diapause, as fourth instars. Pupation occurs

dﬁrinq the following spring, also in the leaf-litter.
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PLATE I

The head of a Juncus squarrosus inflorescence

callected at Drigg in Septembexr 1978:

A A floxret

B A floret which has produced a swollen seed
capsule

C The case of a fourth instar Coleophora alticolella
larva

D The characteristic hole in the pericarp of a seed
capsule which has had its seeds eaten by

Coleophora alticolella







CHAPTER 2
SAMPLE SITES AND GENERAL METHODS
2.1 Location of the sample areas

Two areas in northern England were used during this study;
their locations are shown in Figure 2.1, The main area (A) was a
transect of sample sites from 215 metres to 830 metres on the western
escarpment of Little Dun Fell (Nat. Grid ref. NY 705330) in the
northern Pennines. Much of this transect was within the boundary of
the Moox House National Nature Reserve (N.R. 80); the sites below
335 matxens wave on adjacent farmland. Area B was a low altitude
sample site, 15 metres above sea level, at Drigg on the Cumbrian coast

(Nat. Grid ref, SD 049987).
2.2 3Sample site descriptions

Extensive areas of Juncus squarrosus-dominated sward were
chosen as the main sample sites. They were 6n near-level ground and,
where possible, not in sheltered positions. However it was not always
possible to fulfil these criteria without restricting the number of
sites available. The altitude of each sample site was measured, to
the nearest 5m, using an anercoid barometer calibrated from Ordnance

Survey data.
2.2a The Little Dun Fell transect

This was the same area as used by Jordan (1962) for his westexrn
transect; although the exact locations of his sample sites were not
known, many of the sites used in this study are considered to be comparable.
Figure 2.2 shows the extent of the transect with the main sample sites

marked.
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Figure 2.1:

A map of northern England showing the location of

the twe sample areas

A Little Dun Fell

B Drigg

The thick contour is 244m, and the thin contour

shows land over 488m.







Figure 2.2:

A map of the Cross Fell area of the Pennines,
with the Little Dun Fell transect marked by
the broken line. The six main sample sites

are shown (0O) with their respective altitudes.







Little Dun Fell (842m) lies between Great Dun Fell (847m)
and Cross Fell (893m), the highest point in the Pennines. The two
main streams in this study area arxe Crowdundle Beck and its tributary,
Middle Tongue Beck, which flow intc the Rivexr Eden. The area of land
between these two becks is called Middle Tongue; it contained four of
the six main sample sites.

The geoclogy of the Moor House Reserve has been described by
Johnson and Dunham (1963). On the western escarpment most of the
underlying rock is sandstone and limestone of the Carboniferous Yoredale
series. In places the limestone outcrops to form steep slopes. The
solls at the sample sites are mainly shallow peaty gleys or peaty gleyed
podzols, The vegetation of that part of the study area within the
Reserve has been described by Eddy, Welch and Rawes (1969), and the
phytosociology of similar communities containing Juncus squarrosus has
been discussed by Welch (1967a). The communities at this series of
sample sites correspond to the peaty gley or peaty podzol noda. The
lower slopes are drier and here Nardus stricta L. is present, whereas
at the higher, wetter sites this is replaced by Eriophorum spp.

The climate at the Moor House Resexve has been likened to that
at sea level in southern Iceland, being oceanic and sub-arctic rather
than temperate (Manley 1936). These climatolegical studies wexe mainly
based on data from the weather stations at Moor House field station, on
the east of the Pennine ridge, and at the summit of Great Dun Fell.

The conditions on the western escarpment may well be different because

of 1lts exposure to the prevailing winds; however at the lower altitudes
the climate is a great deal milder. The lapse rate for aly temperature
in this part of Britain is about 0.7°% per 100 metre increase in altitude

(Manley 1943). Thus the difference in mean temperature between the




lowest site (15 metres) and the highest of the maln sample sites
(610 metres) will amount to some 4,2°C.

Six main sample sites on the Little Dun Fell transect were
uvoed for intensive studies; other altitudes were used for collecting
samples at critical times during the life-cycle of Coleophora
alticolella. The main sample sites were at 245m, 335m, 395m, 455m,
520m and 610m.

The 245m sample site was on agricultural land and had been
drained by a series of deep parallel ditches, It was in an area
accossible to cattle and sheep which grazed the Juncus squarrosus and
damaged the inflorescences by trampling. The 335m site was at the

lowest pzrxt ©

-

the roserve. From here J. squarrosus stretches almost
contcinuously for much of the rest of this part of the fell (see the
vegetation map in Eddy, Welch and Rawes 1969). The sites at 395m and
455m were similar to this, with Nardus stricta present in specles-rich
Juncetum squerrosi sub-alpinum communitles (sensu Welch 1967a).

Above 500m there was more Eriophorum spp.present in the
communities. At 520m there were areas of free=-standing water, and much
of the site was in a slight hollow caused by the erosion of the under-
laying limestone. The highest of the main sample sites was at 610m,
and was similax to the 520m site with hummocks and swallow holes.
Samples of inflorescences were taken from the more exposed parts of this
site to avoid the effects of shelter,

The supplementary sample sites on this transect can be

divided into the following four groups:

i, The sites outside the reserve boundary. These were at 215m,
260m, 275m, 290m and 305m. All except the 305m site had been

drained to some extent. The 215m site compares with Jordan's




(1962) lowest site of 198m (650 feet). Here, the Juncus
squarrosus plants were in widely spaced clumps, often separated
by several metres. Very few inflorescences were collected from

this site because it could not support a full sample programme.

ii, The 350m and 365m sample sites lay on the same side of Middle
Tongue Beck as the 335m sample site, but slightly higher up

the slope.

iii. Two sample sites lay between 520m and 610m; they were at

550m and 580m.

iv., The final group of sites was those above 610 metres. They were
sampled infrequently because they were above the upper limit of
distribution of the Coleophora alticolella larvae. These sites
were at 685m, 760m and B830m. The 830m sample site was just

below the summit of Little Dun Fell and had a westerly aspect.
2.2b The Drigg sample site

This low altitude sample site was at 15 metres above sea level.
It was easily accessible from the Drigg shore road and was near to the
Ravenglass Gullery Local Nature Reserve, an area described by Ranwell
and Ratcliffe (1977). It was not exactly the same as the sites on
the Little Dun Fell transect, but was suitable for studying Coleophora
alticolella in much less rigorous climatic conditions.

The gsite had a dune heath vegetation with Erica cinerea L. and
E. tetralix L. in lavge patches. Although on sandy soll, it did have
some parts that were badly drained, and here there were areas of Juncus
squarrosus. The line of dunes sheltered this site from the prevailing

westerly winds from the sea.




2.3 General methods

2.3a Fieldwork

The field seasons lasted from late May until early November
each year. Samples of Juncus squarrosus inflorescences were taken
every week in the early part of the season, but less frequently in the
later part of each year. Samples were only taken on one occasion at
each site in 1979,

The density of the inflorescences was measured with a
50cm x 50cm quadrat frame.

The presence of Coleophora alticolella larval cases in late
summey maxces some of the inflorescences very comsplcuous, and there
can be a tendency to select them in preference to those without cases.
In order to avoid this bias, and to ensure that there was no overt

selection of unrepresentative inflorescences at other times during the

year, the inflorescence that lay nearest to a marked corner of the quadrat

square was taken on each throw, As a result, samples were taken from
the sub-areas used during the measurement of the inflorescence density.
The inflorescences from each site were sealed into polythene bags and
preserved in a deep~-freeze at -ZOOC for later examination.

For certein experiments it was necessary to follow events on
the same set of inflorescences. To facilitate this, permanent gquadrats
ware staked out at the sample sites. These quadrats could be relocated
on each visit to the area.

1t was pogsible to test if the samples of Juncus squarrosus
inflorescences collocted were representative of the sample site as a
whole, by using the larval cases as markexs. The mean number of cases
pexr inflorescence in the samples was compared with the mean number pexr

inflorescence in the quadrats. Teble 2.1 gives the results from the




335m and 395m sample sites, and shows that thexre was no significant

difference between the two measurements at either sample site.

Thus the semples were representative of the population, or at least

of the areas within the quadrats.

Table 2.1 : The mean number of Coleophora alticolella larval cases

per inflorescence of Juncus squarrosus on 3 September J977

at 335m, and 2 September [977 at 395m. The values are

calculated from the samples and from the quadrats. The

t~-tests show that there is no significant difference

betwesn the two methods.

335 metres

Sample Quadrat
Laxval cases 28 299
Inflorescences 30 304
Cases per
inflorescence 0.93 0.98
Standard exrox 0.20 0.06
t . 0.239
Not
Significant

395 metres

Sample Quadrat

la 176

30 346

0.308

Not
Significant

Adult insects, hoth Coleophora alticolella and parasitic

Hymenoptera, were collected by sweep netting.

This was not possible

durilng wet weather, which was frequeant at the higher altitudes.
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2.3b Laboratory work

Much of the processing of the Juncus squarrosus samples in the
laboratory was done under the low power magnification of a dissecting
microscope. The number of florets, seed capsules and damaged sced
capguleg was recorded (examples of these are shown in Plate I); seeds
were also counted. The Coleophora alticolella larvae were dissected
from the seed capsules of the samples that had been frozen, and examined
for evidence of parasitism. Some of the larvae were identified as
'dead prior to collection' because they were either dry and shrivelled
oy #lacclid and discoloured. The cause of death is not known. The
remaining ‘live' larvae were assigned to instars by measuring the width
of thelr head capsules. The number of €. alticolella eggs prescnt on
each inflorescence was alsc recorded.

Some of the samples were not frozen; these were collected
for rearing the parasitic Hymenoptera which attack the larvae. The
parasitized larvae were removed from these samples and placed into gelatin
capsules; these were then retained in the laboratory until the adult

parasites emerged.
2.3¢c Data analyses

The statistical analyses used in this thesis have been based
on methods given by Bailey (1959) or Snedecox and Cochran (1967). A list
of the gymbols and abbreviations used is given in Appendix 1.

Two prepared computer packages were also used. They were
'Statistical Package foxr the Social Sciences' (Nie et al. 1975), and
'Biomedical Data Programmes' (Dixon 1975), d;veloped at the Health

Services Computing Facility, University of California, Los Angeles.
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The latter was used for least squares curvilinear regression analysis,

to fit logistic equations to sigmoid relationships.
2.4 The logistic equation

The logistic equation is a convenient way of describing a
sigmoid relationship. It was developed by Verhulst (1838) and
Pearl and Reed (1920) for describing the cumulative growth of populations.

The rate of increase of a population N growing with unlimited
resouxces could be exponential, with

AN

ar = bN (2.1)

where ¢+ is time and b a constant defining the rate of increase.

When a population is growing with limited resources, food or space for
example, each additional individual reduces the rate of increase by a
constant amount until a stable upper limit (X) is reached. The value

of K can be regarded as the carrying capacity. In this case

an _ bN(E:N,) (2.2)

The integrated form of equation 2.2 may be written as

N - <-.,:,....l{,). Looma (? 3)
1+ e(anbt)

a and b are counstants and e is the base of natural logarithms.
This defines a logistic curve which is measured from a lower asymptote
at zero.

It is not necessaxy to apply these biological assumptions in
conjunction with this equation when it is being used purely for data

description, as in this thesis, Davidson (1942, 1944) used the logistic
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curve as an empirical representation of temperature-dependent development
rates for insects.

Bliss (1970) has pointed out that the logistic curve resembles
the cumulative normal distribution over most of its range, and can
therefore be used to estimate the mean and standard deviation of a

normal distribution.

The curve has a point of inflexion at the coordinates

t= /b, N=K/2°

This, in fact, measures the median, but in a normal distribution is
equal to the nmean. This value is often called the L.D. 50 in other
fields of rageawvch, such as pharmacology, where it may be used to
repraesent the lethal dose of a drug which results in 50% mortality of
a group of animals. Andrewartha and Birch (1954) use this measurement
in discussing the effects of temperatures on the mortality of insects.
The standard deviation can be calculated knowing that 68.3%
of a normally distributed population lies within one standard deviation

on either side of the mean (Snedecor and Cochran 1967).
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CHAPTER 3

STUDIES ON JUNCUS SQUARROSUS, THE LARVAL FOOD-PLANT

3.1 Introduction

The ecology of Jurcus squarrosus has been discussed in detaill
by Welch (1966a, 1966b, 1967a, 1967b). Much of his work was carried
out on the Moor House National Nature Reserve, on sites of a similar
phytosocioclogical nature to those used in this research. In addition
to the work by Welch, there had been earlier studies by Pearsall (1950},
which highlighted the relationship between Coleophora alticolella and
this sovacies of rush.

Juncus squarrosus i1s a widespread plant in the British Isles,
occurring from sea-level to over 1000 metres, although it is commoner
in the north and west (Welch 1966a). It is restricted to uncultivated
land, being confined to moist or wet habitats and usually on acidic soils
or peat. It can tolerate waterlogged soil but is absent or dwarfed in
éry soil conditions. Studies on this species of rush have been
restricted to areas of high altitude, where it is abundant and often a
dominant member of the floral community. In the region studied in this
research it was abscnt from agricultural land below 200 metres, occurring
again at a much lower altitude, near sea-level, on the Cumbrian coast.

Juncug sqguarrosus is a parennial plant, which reproduces by seed
production as well as by vegetative growth from an underground rhizome.
Because of the vaegetative spread, it is difficult to count the numbers
of plants in areas of J. squarrosus-dominated sward. A similar problem
occurs in many plant communities of this type (Grieg-Smith 1957). In

high-level J. squarrosus communities in Wales, Kerxshaw and Tallis (1958)
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have demonstrated that even if the vegetation is visually uniform
over considerable areas, within these areas the community consists
of a mosaic of patches. Between these patches the vigour of the
J. squarrosus depends upon such factors as soil-depth and water-
retaining capabilities.

The plant consists of a group of leafy rosettes which produce
inflorescences in late May at low altitudes and early June in the
higher parts of thelr range. Each inflorescence bears florets which,
if fertilized, may produce seeds in a swollen capsule; each floret
producing one sced capsule (Plate I).

Severxral studies give information about the seed production of
J. squarrosus (Jordan 1962; Reay 1964; Welch 1966b). However, none
of these studies has considered seed prdduction by this plant at low
altitudes. Welch (1966b) only considered seed production between
351 metres and 829 metres., Joxdan (1962), in his studies, used sample
sites between 198 metres and 838 metres on the western escarpment of
Little Dun Fell, and between 465 metres and 608 metres on the eastern
side of the Pennines. Reay (1964) also gives data for J. squarrosus
seed production between the same limits on thesc egastern slopes.

As the ecology of J. squarrosus has been so extensively
studied by previous workers, only those aspects which could have a
direct bearing on Coleophora alticolella were considered for this
research. These aspects are mainly concerned with seed production,
and how this is affected by the prevailing environmental conditions at
different altitudes. Seed production was measured, on an area basis,
using four perxameters: the density of inflorescences, the number of
florets per inflorescence, the proportion of these florets that develép
into seed-bearing capsules and the number of seeds per capsule. In
addition, information on the flowering phenoclogy and effect of grazing

animals was also collected,




16

3.2 The density of Juncus squarrosus inflorescences

The density of the Juncus squarrosus inflorescences was
measured by using a 50cm x 50cm quadrat frame on the areas from where
samples of inflorescences were taken for more detailed analysis. Most
of the sample sites were on common grazing land and in some areas the
inflorescences are grazed by sheep; they nip off the tops of the seed
heads, leaving the stalks as evidence.

Counts of the inflorescences were taken on several occasions
during 1977 and 1978, but only the inflorescences which had not had
their seed cepsuvles removed were recorded. Sampling was only done on
one occasion in 1979 (28 August at Drigg end 29 August on Little Dun Fell),
when two measurements of density were made. Firstly, the number of
inflorescences which still had their florets and seed capsules was
recorded, and then the grazed stems were counted. The sum of these
two values gave the number produced in each quadrat.

Data on the changes in the density of inflorescences at some
sites, throughout 1277, were obtained by counting the inflorescences in
sixteen permanently marked l/4m2 quadrats. Mean values for the densitles
of inflorescences over the whole period of this study are given in

Appendix 2.
3.2a Changes in the density of inflorescences during the year

Figure 3.1 shows the density of Juncus squarrosus inflorescences
in the permanent gquadrats at three altitudes during 1977. At the highest
site (610 metres) there wag a significant (P < 0.00l) increase in the
density of inflorescences after the first sample date, 16 Junec. After
mid-July there was a gradual decline in density to the final sample date,

16 September.




Figure 3.1:

The density of Juncus sqguarrosus inflorescences
in permanent quadrats at three sites during 1977.
The values are expressed as the number per square
metre with 95% confidence limits calculated from
the t distributilon. Time is in days with

L =1 June 1977,

3.1la 610 metres
3.1b 455 metres

3.1c 245 metres
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Data for two other sample sites, 455 metres (Figure 3.lb) and
245 metres (Figure 3.lc), do not show an initial increase in the density
of infloxescences, as the appearance of the new flower heads had ceased
by the first sample date at these sites. The initial increase in
density at 610 metres is only detected because the development of the
plant is retarded at the higher altitude. However, all of these sites
show a gignificant (P < 0.0l) reduction in the density of inflorescences

towards the latter part of the season.
3.2b The variation in the density of inflorescences between years

Figure 3.2 shows the density of inflorescences produced on
Juncus squarrosus-dominated sward at each of seven altitudes in the three
yeavs of the study. As the development rate of the plants 1s slower at
higher altitudes, these data are for different sample dates. (The values
used in this figure are indicated in Appendix 2.) These data show that
there is remarkably little variation in the density of inflorescences
between sites in any one year, especially in 1979. There are, however,
consistent diiferences between years. An analysis of variance was
pexrformed on these mean values; the sample sizes were equal throughout
(n = 16). Table 3.1 gives the results of this analysis and indicates
that there is significant variation in the mean density of J. squarrosus
inflorescences produced between years (P < 0,001}, but that there is no
significant variation in the density produced between different altitudes

in any one year.




Figure 3.2 : The number of Juncus squarrosus inflorescences

produced per square metre at different altitudes

in the three years of the study.

O 1977

O 1979
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Table 3.1 The results of an analysis of variance test on the
mean density of Juncus squarxosus inflorescences
produced at seven sample sites in ]J977, 1978 and ]979,

as shown in Figure 3.2.

Source of Sum of Degrees of Mean Variance
Varilation Squares Freedom Squares Ratio P
Years 29906.30 2 14953.15 46.755 < 0.001
Sites 4984.69 6 830.78 2.598 > 0,075
Regidual 3837.80 12 319.82

Totel 38728.79 20

A Juncus squarrosus rosette is composed of shoots of different
ages., The youngest, or front shoot, of a rhizome produces an
infloresqence in the spring following the year of its development,
but no inflorescence develops if the shoot is weak or in unfavourable
conditions (Welch 1964). Welch (1966b) suggests that the density of
inflorescence production is reduced in years with low spring ralnfall.
{Unfortunately he included June rainfall in his analysis; this cannot
affect J. squarrosus inflorescence density, since most inflorescences
are produced by this month.)

Data for the rainfall during BApril and May were obtained from
the Meteorological Office for two of their weathexr stations. One being
at Sellafield (Nat. Grid ref. NY 027032), 13m above sea-~level on the
Cumbrian coast, 4.8km north of the site at Drigg. The other, at Blencarn,
170m above sea-level (Nat. Grid ref. NY 637312), a small village at the

foot of Cross Fell, 4km from the 335m sample site. Table 3.2 gives values
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for the total rainfall Aduring the two month period, as well as the
density of inflorescences produced at Drigg and 335m, from 1977 to
1979, The 335m site was chosen from the range on the Little Dun Fell
transect because it was the nearest site to Blencarn which had not

been modified by drainage.,

Table 3.2 : The rainfall recorded at Sellafield and Blencarn
weather stations for April and May of 1977, 1978
and 1979, and the density of Juncus sguarrosus
inflorescences produced at Drigg and 335m over the

same period

1977 1978 1979 Location
April + May
rainfall (mm) 88.0 29.0 161.9 Sellafield
Inflorescence 5
density (No. per m ) 156.8 45.6 98.8 Drigg
April + May
rainfall (mm) 71.4 40.1 131.6 Blencarn
Inflorescence 2
density (No. per m ) 149.6 73.6 103.2 335m Little

Dun Fell

These data support the observation by Welch (1966b), in that
1978, the year with the lowest density of inflorescences, was also the
year with the least rainfall in April and May. However, the year with
the highest rainfall during this periocd, 1979, did not have the highest
density of infloragcances. As the buds are formed in the year previous
to their growth into inflorescence shoots, it is possible that rainfall
may not only affect the density of inflorescences produced in that year,

but also the following year. In addition, other factors guch as
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sunshine and temperature during the growing season may contribute

to the development of the buds for the following year's growth.

3.3 Floret production

In this section, the total number of florets on the inflorescences
is used:; this includes the florets which had developed into capsules
as well as those which failed to produce seed. Figure 3.3 shows the
mean number of florets per inflorescence at different altitudes in
1978. Values from the August and November samples were used for the
construction of these two graphs because samples were taken over the
whole range of altitudes on these dates. Data for these and other
sampling occasions are given in Appendix 3.

In general, there is a reduction in the number of florets

per inflorescence with an increase in altitude. The mean numbers

]

of florets per inflorescence, calculated from all of the samples taken

L)

duxing 1978 at 15 metres and 455 metres, are given in Table 3.3.
Between these two altitudes, there was a reduction of 1.99 florets

per inflorescence per 100 metre increase in altitude. However, as
shown by Figure 3.3, there was considerable deviation from the overall

trend between 200 metres and 350 metres.

Table 3.3 : The mean number of florets par inflorescence calculated
from all of the samples taken during 1978 at 15 metres

and 455 metres

Altitvde Florets par inflorescence
(m) ~
% s n
15 21.25 5.26 420

455 12.50 3.39 420




Figure 3.3 : The mean number of florets per inflorescence
of Juncus squarrosus, with 95% confidence limits,

at different altitudes in 1978

a August 1978

b November 1978
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In 1979,samples of inflorescences were taken from a very wet

area by a Sphagnum f£lush at 275 metres, as well as from a more typical

area neaxby.

two sites is compared in Table 3.4.

The mean number of florets per inflorescence at these

These data show that there were

significantly (P <0.00l) more florets per inflorescence at the wetter

of the two sites.

between water availability and floret number;

This, of course, is not proof of a causal relationship

many unmeasured factors

such as nutrient availability may also influence floret production.

It does, however, provide circumstantial evidence in support of Welch's

(1966b) claim that floret number is affected by water availlability as

wall as altitude.

This could be an explanation for the low number of

florets found at the drained sites on the lower part of Little Dun Fell.

Table 3.4
Site
Wet
Typical
3.4

retarded at high altitudes.,

A comparison of the mean number of florets per

inflorescence at a wet site and at a drier site

more typical of the area at 275 metres in 1979

Florets per inflorescence

X S.E. n
25.35 1.31 20
16.70 1.15 20

4,962

The effect of altitude on flowering phenoclogy

<0.001

The productlon of Juncus sguarrosug inflorescences was

The effect of altitude on the development

of J. sgquarrosus can also be demonstrated by examining the opening of

the individual florets.
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As the inflorescence grows the flower head emerges from a
protective sheath and while the florets grow they increase in size
andé separate from each other. Finally, the perianth opens to allow
fertiligation. The great majority of florets open at all altitudes,
although not all of them develop into seed-bearing capsules. The
florets that have opcned by any particular date can be distinguished
because the perianth segments are not as tightly packed around the
ovary as in the younger florets. Also the three brush-like stigmas
protrude from the apex of the florets that have been open, but remain
coiled around the ovary of the unopened ones.

Figure 3.4 shows the percentage of florets that had opened
in samples taken at different altitudes on cither 28 or 29 June 1978.
This figure chows the delayed development of the floxets at the highex
altitudes; over 70% of the florets had opened below 500m, but
significently (P < 0.001) fewer had opened above this altitude.

Over 90% of the flﬁrets had opened at all of the altitudes by the

beginning of August.
3.5 Seed capsule production
3.5a Changes in relation to altitude

There is a far more marked reduction in the number of seed
capsules pex inflorescence, with increasing altitude, than in the
number of florets per inflorescence (Figure 3.5). The mean numbexrs
of seed capsules per inflorescence, calculated from all of the samples
taken at 15 metres and 455 metres after the completion of seed development,
are given in Table 2.5. The reduction in the number of capsules per
inflorescence between these two sites was 3.7 per 100 metre increase

in al¢itude.




Figure 3.4

The percentage of Juncus squarrosus florets
that had opened in samples taken from
different altitudes on 28 June ([]) or

29 June ( () with 95% confidence limits

calculated from the arcsin transformation







Figure 3.5 : The mean number of seed capsules per
inflorescence of Juncus squarrosus,
with 95% confidence limits, at diffexent

altitudes in 1978.

a August 1978

b November 1978







Table 3.5

Altitude
(m)

15

455

The greater reduction in the number of seed capsules per
inflorescence, than in the number of florets per inflorescence, with
increasing altitude, is more obvious when the number of seed capsules
1is expressed as a percentage of the florets. In this case 89.1% of
the florets developed into seed capsules at 15 metres, but only 21.3%

at 455 metres,

3.5b Variation between years

The proportion of florets developing into seed capsules can
be used to compare the extent of ripening between years, as well as to
compare the ripening in different samples in the same year.

Table 3.6 givos the proportion of florets producing seed
capsules at each altitude sampled for November 1977, August 1978,
November 1278 and Auvgust 1979. These data show a general fall-off
in the value for the proportion developing into seed capsules with

increasing altitude. inverse non-lincar relationships between altitude
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The mean number of seed capsules per inflorescence
calculated from all of the samples taken after the
completion of seed development in 1978, at 15 metres

and 455 metres

Seed capsules per inflorescence

x s n
18.94 5.16 300
2.66 2.42 240

and this proportion are evident for each of these sample dates.

Logistic curves were fitted to these data using the method of least

gouares,

The cquations have the formula:



Table 3.6

Altitude

(m)

15

215

245

The proportion of Juncus squarrosus florets developing
into seed capsules at a series of altitudes on four
sampling occasions. *'The value for the 520m sample site
in November 1978 was found to be discordant with the rest

of the data for that group of samples and was omitted

from the regression analysis (see text)

November August November August
1977 1978 1978 1979
0.9344 0.8356 0.9258 0.8375
- 0.9179 0.9096 0.9306
0.8309 0.8590 0.8804 0.9507

- 0.7886 0.8778 -
0.8822 0.8294 0.8475 0.8713
- 0.7605 0.8063 -
0.7672 0,6341 0.6992 0.8415
0.6464 0.4741 0.5936 0.8584
- 0.4917 0.5621 -
0, 5C00 0.4246 0.4644 0.6834
0.5817 0.3554 0.4145 0.7893
0.3985 0.2602 0.2583 0.4385
- 0.1504 (O°2586)* 0.2596
- - 0.0378 0.0680
- - 0.0247 0.0485

- 0.0088 0.0030 0.0233
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Y = __k (3.1)
1+ exp (@ - bX)

where ¥ is the proportion ripe at each altitude X, in metres;
k 1is the upper asvmptote, b is the rate of decrease in the proportion
ripe with an increase in altitude and a is the constant of integration
that defines the position of the curve with respect to the origin.
Preliminary analysis of all of the data for the November 1978
samples showed the value for the proportion ripening at the 520m sample
site to be discordant with the rest of the data. Anscombe and Tukey
(1963) suggest that points can be tested as outliers from the rest of
the data by examining the residuals from the regression (the difference
betwesen the observed and expected values) together with the respective
stendard deviations (s) of the expected values of the dependent variables.

They suggest that a possible rule to use in this situation is:

"reject that observation whose residval 1is greatest
in magnitude, provided the magnitude exceeds C.s,
where C is a given constant. If this obsexvation
is rejected recompute all the residuals and s and
apply the rule again, and so on until there are no

more rejections.”

For the purpose of these analyses, C was chosen as 3.9
because in a normal distribution the probability of a value lying
between + 3.9 standard deviations from the mean is 1.0000, to fouxr
decimal places (Snedecor and Cochran 1967). For the 520m sample site
in November 1978 the residual was 5.B4ls, so this point was rejected
and the regression recomputed. On recomputation without the 520m
value, no residual was more than 3s. For the other sample dates no

residuals were more than 3.%s, so no moxve rejections were needed.
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The difference at the 520m site in November 1978 is possibly
due to samples being taken from a somewhat sheltered position, in a
slight hollow. These plants would be subjected to much less rigorous
conditions than would otherwise be expected for this altitude. It
has been demonstrated by Jordan (1962) and Welch (1966b) that a
greater proportion of the florets develop into seed capsules in such
sheltered conditions.

The values for the constants for the regression analyses on
the data in Table 3.6 are given in Table 3.7, as well as the sample
sizes (m). The results of F tests comparing the variation due to the
regressions with that due to the residuals are also given in this table.
The equation for November 1977, where the sample size was small, explains
over 82% of the variation in the prqportion ripening, whilst the equations
for the other occasions explain between 95% and 99% of the variation.
The maximum possible value of k is 1, which represents total ripening.
This is never achieved, either in the observed results or as predicted
by the equations. However, only the data for the August 1979 sample
give a value of % significantly (P < 0.01l) less than unity.

The curves described by the equations are shown in Figure 3.6,
They are all of the same appearance but their positions with respect to
the origin differ. The curve for August 1979 is shifted to the right
of those for 1978; the curve for 1977 lies between the other two years.

Table 3.8 gives the values for the points of inflexion (2/b)
for each of the four equations. This value is used as a comparison
of the proportion of the florets developing into seed capsules over
the whole range of altitudes on the different sample dates. It is the
altitude at which half of the maximum achieved on each sample date is
realized(i.e. the value of X when Y = k/2). These values are also

marked on Figure 3.6.




Table 3.7 :

Sample
date

Nov 1977
Aug 1978
Nov 1978

Aug 197¢

The results of least squares regression analyses to fit the data for the proportion of florets

developing into seed capsules at different altitudes on four sample dates (as given in

N

14

15

i3

0.9673

0.9377

0.9718

0.8963

Standard
deviation

of k

0.0787

0.0599

0.0300

0.029%

~4.6122

-5.6776

-6.1637

-9.6657

-0,01116

-0,01559

-0.01656

-0,02105

to the logistic equation (see text)

23.16

115.64

612.76

223.41

2,11
2,12

2,10

A

A

0.0l

0.001

0.001

0.001

Table 3.6)

0.825
0.946
0.989

0.974

Llc



Ficure 3.6 : The proportion of Juncus squarrosus florets
developing into seed capsules in relation to
altitude on four sampling occasions during
the study. The curves are the lines described
by the equations in Table 3.7; the points of
inflexion are also shown. The observed values
are shown with 95% confidence limits calculated

from the arcsin transformation.







28

Table 3.8 : The points of inflexion (as altitude in metres)
of each of the curves describing the change in
the proportion of florets doveloping into seed

capsules in relation to altitude

Sample November August November August
1977 1978 1978 1979
a/
b 413.7 364.3 372.2 459.1
(metres)

There lg little difference betwoen the values of a/b for
the samples taken in August and Novembexr 1978. By the time that the
samples were taken in August, all of the florets that were going to
produce seed had developed into seed capsules.

The point of inflexion of the curve in August 1978 was
94.8 metres lower than in August 1979,

The point of inflaxion
for the 1977 samples lay at an altitude between those for the other two
years,

As the proportion of florets developing into seed capsules ig
reduced with incrzasing altitude, this process could be determined by
temperature, as suggested by Pearsall (1950) and Welch (1966a). If
this were the case, one would expect the curve for the>proportion of
florets developing into seed capsules to be shifted to the left, with
respect to the origin, in years with cooler temperatures during the
fertilizaiion and development period. This would also result in an
altitudinal lowering of the point of inflexion. leteorological data
are available from the weather station at Moor House.,  Although this is

some distance from the sample areas, these data give a guide to the
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relative level of mean temperatures in the region each year. Table 3.9
gives the mean daily temperature in June and July during the three years,

and the average value for this period of seed capsule development.

Table 3.9 : The mean daily temperature in June and July recorded
at Moor House in 1977, 1978 and 19792. The average

temperature for this two month period is also given

Mean daily temperature Average temperature
° during the two o
Year Month 4 (max + min) C months. (of
June 8.3
1977 9.80
July 11.3
June S.1
1978 9.55
July 10.0
June 10.8
1979 10.95
July 11.1

The data in Table 3.9 show that the average temperatures in
June and July were 1,400 higher in 1979 than in 1978, The temperatuze
for the same period in 1977 lay between the valucs for the other two
years. A comparison between these data and the values for the points
of inflexion of the seed capsule production curves reveals that the
year with the highest point of inflexion was the warmest. 1978 was
the year with the lowest point of inflexion and also with the coolest
average temporatures during June and July.

Data from many years would be needed to show the extent to which
this measurement of seed capsule production is dependent on the level of the
temperature during the peviod of fertilization and seed development.
Unfortunately, this type of data is not available from the woxrk of previous

authors.




3.6 The number of seeds per capsule

The number of seeds in the seed capsules was recoxrded fxrom
some of the samples taken in August 1977 and 1979, by which time all
of the seeds were full-sized but the capsules had not opened to
distribute them. Thexre woxre high densities of Coleophora alticolella
layvae in 1978, reculting in very few undamaged seed capsules, so this
measurement was not made in.that year. The number of seeds frxrom
20 capsules, one from each inflorescence, was recorded; these were
chosen as the first capsules examined, which did not contain larvae,
thus avoiding under-estimates due to seed proedation,

Values for the mean numbexr of seeds per capsule, with their
standard deviations, are given in Table 3.10. Thexre is no trend
between these values and altitude for either 1977 or 1979, In 1979
the seed capsules at the 15 metre site contained fewer seeds than at
the othexr altitudes, but the mean value had a comparatively large
standard deviation. The smaller values for the standard deviations
from the other sites indicate that there was usually very little
variation between the number of seeds in each capsule. Ovexall, the
mean number of seeds per capsule (with 95% confidence limits) is

80.5 = 2.1,

30
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Table 3.10 The mean number of seeds per capsule of Juncus sguarrosus,
with their respective standard deviations, at different

altitudes in August 1977 and 1972

1977 1979
Seeds per capsule Seeds per capsule
Altitude x s n x s n

(m)

15 87.8 16.6 20 68.4 29.8 20
245 87.5 12.2 20 85.8 17.6 20
335 8L.2 10.3 20 74 .4 12.2 20
395 83.8 12.2 20 77.0 17.0 20
455 73.2 16.3 20 80.6 16.2 20
520 83.7 9.7 20 83.0 15.6 20
610 78.9 7.6 20 - = -

3.7 Grazing of infloresconces

It was suggested in a previous section that much of the
reduction in the density of inflorescencesg, at any one site during the
year, 1s caused by grazing animals. The fells are used as common
grazing land by many of the local farmers and the shepherd’'s guide for
the area lists 39 different sheep flocks which could be grazcd on the
resexve. Six main flocks were seen on the ecastern slopes of Little
Dun Fell in 1976 (Randall 1976), although sheep from other flocks were
occasionally observed on the higher parts of the fell. Rawes and Welch
(1969) recorded 3.2 sheep per hectare on these slopes; Randall (1976)
found 3.4 pexr hectare on the same area. Casual observations during

the period of the present research revealed a similar situation.
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Cattle graze on the lower, enclosed slopes, and one farmer
keeps fell ponies in this area; up to 24 have been seen at any one
time (M. Rawes, pers. COMHM.). It is possible that rabbits (Oryctolagus
cuniculus (L.)) and haves (Lepus capensis L.), which have been scen in
the area, could feed on the Juncus squarrosus. Red Grouse (Lagopus
lagopus scoticus Lath.) have been recorded feeding on the seed capsules
of this rush in autumn (Lipscombe 1886; Wilson and Leslie 1911), as
have snow buntings (Plectrophenax nivialis L.) (Henty 1979). Both of
these species occur at Moor House (Parkin 1977).

Despite these other animals, sheep are the commonest grazers
in the area and it is assuméd that they are responzible for most of the
reduction in the density of Juncus sguarrosus infloroseaences,

Figure 3.7 shows the effect of grazing on the J. squarrosusg
inflorescences in'1979. The reduction in the density of infloreséences
up to the end of August is shown as a percentage of the total number of
inflorescences produced at each site. There was an inverse relationship
between the percentage of inflorescences grazed and altitude on Little
Dun Fell, with over 50% grazed below 325 metres. There was very little
grazing at the 15 metre site; there wexre few sheep here, cattle and
rabbits being the major grazers.

Sheep eat J. squarrosus mainly imn the spring, whon the shoots
are still tender, but they prefer the more succulent grasses. - They do
most of the damage to the J. squarrosus when the stocking rates axre high;
this often occurs at low altiltudes, before they have been put back on to
the fell. Ag there ig now little shephexding, there is also a tendency
for the sheep to wander back to the lower slopes during the year (Rawes
and Welch 1964). Snow lay on the fell until very late in the year in
1979; there were deep drifts left at 425 metres on 8 June. This would
have prevented the early return of the shecp to the upper slopes and could

account foxr the very heavy grezing precoure at the lower altitudes,




Figuze 3.7 :

The percentage of Juncus sguarrosus inflorescences
produced at different altitudes that had been
grazed on or before 24 August 1979 (23 August

at 15m)
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Similar patterns of grazing were found in the two preceding
yoars., Figure 3.8 shows the percentage of the initial densitcy of
inflorescences which were grazed at the seven main sites. Again,
the heaviest grazing pressures in the first part of the seagon
{(up to mid-August) were at the low altitudes on Little Dun Fell,
These graphs also show the percentage grazing over the whole of the
year, and demonstrate that the greater part of the total grazing at

the higher sites occurs during the second period (after mid-August).
3.8 The density of seeds produced

Seed productlon, on a unit area basis, by Juncus squarrosus
is detormined by four parameters: Iinflorescence density, florets per
inflorescence, the proportion of florets developing into seed capsules
and seeds per cApsule, The density of seeds produced at different
altitudes during the three years of this study has been calculated
from data given in this chapter and the results are givem in Table 3.1l1.
The values for the proportion of florets developing into seed capsules
have been taken from equations glven in Table 3.7 and the overall mean
value of 80.5 * 2.1 seeds per capsule has been used for th; 1978 data.
Table 3.11 shows that there ls considerable variation in the
denslty of seeds produced at each site in different years, as well as
the marked reduction in the density with increasing altitude. These
variations in density are mainly due to two factors. Variation between
years at cach site is duve to differcnces in the density of inflorescences
produced (as shown in Figure 3.2). The reduction in the demsity of seeds
with increasing altitude is mainly due to the lowex proportion of florets
developing into seed capsules in the cooler conditions at the higherxr

sites.




Figure 3.8 :

The percentage of Juncus squarrosus

e

nflorescences produced at different altitudes
that had been grazed by mid-August ( O ) and
during the whole sampling period ( QO ) im 1977

and 1978
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Table 3.11 : The density of Juncus squarrosus seedd (number x 10=3)
produced per square metre at the seven major sample sites
in the three years of the study. The values are given

with their 95% confidence limits

The number of Juncus squarrosus
eseds x 10-3 produced per square metre. .

Altitude 1977 1978 1979

(m)

15 339,1 + 89.7 87.3 + 36.9 175.1 + 46.2
245 81.3 + 25,1 42.1 = 11.5 | 108.2 = 27.8
335 118,0 + 26.7 62.5 + 17.5 102.3 + 22.0
395 88.0 £ 24.7 23.7 £ 5.7 83.9 = 20.8
455 73.0 £ 25.6 14,4 £ 4.4 58.5 + 14.8
520 41,0 + 19.5 6.3+ 2.6 29.7 £ 12.2
810 5.8 £+ 7.5 1.4 + 1.0 4,3 + 3.9

3.9 Discussion

It is largely accepted among agronomists that the ’growing
season' of a plant can be defined as the length of time for which the
average daily mean temperature is above a certain threshold value
(Francis 1978). For example, this value is axound 6°C foxr grassges
in Britain (Tayloxr 1967). Consequently, the onset of the growing
season will be progressively retarded, and its length reduced, with
incxeasing altitude. This has been demonstrated by the later production
of inflorescences and florets of Juncus squarrosus at the higher sites.

The effects of altitude on temperature not only cause a retardation
of the onset of growth, but also affect the seed production. There is a.

vaduced proporiion of the Ziorets developing into seed capsules at the
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higher altitudes, although this relationship may be modified by the
topography of each site (Jordan 1962; Welch 1966b) . There was,
however, no rclationshilp between the mean number of seeds maturing

in the seed capsules and altitude. Welch (1966b) found a similar
situation, and Reay (1964) showed that there was no difference in the
dry weight of seeds per capsule in relation to altitude.

Floret production by the inflorescences is reduced with
increasing altitude, but the overall trend can be disturbed where
plants are growing on drier soil, causing lower production than would
be expected.

The density of inflorescences produced on a Juncus squarrosus-
dominataed swaxrd is variable between years. It is probably dependent
on climatic and site conditions while the inflorescences are growing
and the buds are forming for the following year. The density of
inflorescences is latexr reduced by the grazing of sheep, especilally
at the low altitudes.

Welch (1966b) gave measurements of the reproductive capaclty
of J. squarrosus at many high altitude sites in norxrthern England.

Using the data from his lowest site, 472m, it is found that J. squarrosus
produced 25.6 x 103 seeds m_z ia 1963. This is of the same oxder as

the density of seeds produced around the 455m aphd 520m sites during the
present study.

Welch (1966b) carried out experiments on the germination of
the J. squarrosus seeds from his sample sites. He found that the
viability of seeds from plants at the higher altitude was reduced and
that the viability was also variable bastween years. He calculated
that 54% of the seeds were viable from the 472m site in 1963, and also
estimated that approximately 25% of the seeds would be lost during

dispersal. From these values he estimated that the number of viable
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seeds dispersed by Juncus squarrosus was in the region of loéome
at 472m. None of these calculations include the effects of the
seed predator Coleophora alticolella which attacks the seeds after
they have been produced but before they are dispersed. The larvae
eat virtually all of the seeds in each capsule that they attack.
Welch (loc. cit.) suggests that this predation would do no more than
balance the increase in seed production expected above the value for
his 472m site because of the greater floret number and capsule
maturation below this altitude.

In the following chapters the ecology of C. alticolella
is discussed in the light of the information on the seed production by

Juncus squarrosus at different altitudes.
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CHAPTER 4

STUDIES ON THE EGGS AND OVIPOSITION BEHAVIOUR OF COLEOPHORA

ALTICOLELLA

4.1 Introduction

Coleophora alticolella lays most of its eggs between the florets
of the developing inflorescences of its food plant, Juncus squarrosus.
The eggs are often laid before the florets have opened and usually before
the seed capsules have started to develop. Jordan (1958) found
C. alticolella eggs in samples of J. squarrosus within one or two days
of the first imagos being seen at each of his sample sites. On disscetion
of newly emercad fcmales he found that thelr ovaries contained ton to
twenty eggs of full size ready for laying. He concluded, from
observations made in the field, that there was little, if any, difference
between the dates of emergence of adults at various altitudes.

Jordan (1962) recoxrded the percentage infestation of
J. squarrosus seed capsules by eggs and larvae in July 1953 and 1954,
and Reay (1964) the number of eggs during June and July in 1956 and 1957.
In this chapter I examine the changes in the density of eggs during the
oviposition period over the whole altitudinal transect. The rate of
egg-laying and the timing of the oviposition periods at each site axe
also dilscussed in relation to altitude.

In two previous studies on C. alticolella in this region
{(Jordan 1958, Reay 1964), the oviposition behaviour of the female moths
was examined in rxelation to the J. squarrosus florets. Oviposition
behaviour is discussed in greater detail in this chapter, and the effects
of differences in the density and distribution of the inflorescences on

egg-laying are also investigated.
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4.2 The size of the eggs

Some of the eggs were measured using a microscope with a
graticule eyepiece capable of resolving 0.013mm. The eggs axe oval
and the mean and standaxd deviation of two axes, based on samples of 30,
are 0.398 + 0.0.24mm and 0.200 * 0.0l6mm. These dimensions are similar
to those of the eggs of Coleophora serratella (L.) which Coshan (1974)

recorded as 0.40mm long and 0.25mm broad.
4.3 The colour of the eggs

The eggs of Coleophora alticolella change colour during their
development., Newly laid eggs are white, they then turn yellow and
later orange. Finally, just before hatching, the head capsule of
the developing larva is visible thrxough the chorion. These diffexent
colours can be used to divide populations of eggs into age-classes,

although these classes are not of the same duration.

4.4 Oviposition sites

An oviposition site is defined as any position on an
inflorescence where an egg oxr group of eggs is present. The potential
sites on an inflorescence cannot be quantified because the criteria
that an ovipositing female moth applies in searching for, and accepting,
oviposition sites are not known.

There is a direct relationship between the number of eggs
and the number of florets per inflorescence. Figure 4.la shows an
example of this relationshlp for the 335m sample site on 29 June 1978,
High densities of eggs were present in this sample and it is assumed
that many of the potential oviposition sites would be occupiled. The
regression analysis shows that 43% of the variation in the number of eggs

is explained by the number of florets per inflorescence.




Figure 4.1la : The relationship between the nuwmber of eggs
of Coleophora alticolella (y) and the numbex
of florets per inflorescence of Juncus
squarrosus (x). Data taken from the sample
at 335m on 29 June 1978. The line 1s fitted

by least squares regression and has the formula:

y = 0.720x + 2.265

n=30 r=0.654 P < 0,00l S.E. of slope = 0,157

Figure 4.1b : The relationship between the number of florets
per inflorescence of Juncus squarrosus (#) and
the number of oviposition sites (y). Data
taken from the 335m sample site on 292 June 1978.
The line is fitted by least squares regression

and has the formula
y = 0,527 + 1.495

n=30 r=0.739 P < 0.001 S.E. of slope = 0.091
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There is no relationship between the number of eggs pex
floret and the number of floxets per inflorescence {(i.e. the size of
ecach inflorcscence); the intercept of the equation given for Figure 4.la
is not significantly different from zero (x = 0, y = 2.265 + 3,115).
Eggs were found in groups at some of the oviposition sites.
The distribution of the eggs in different grxoup sizes in the sample
from 335m on 29 June is shown in Table 4.1. In most cases the eggs
in a group were touching each other; if not, there was less than an
egg’'s breadth between them. The largest group found during the study

was of five eggs.

Table 4.1 The frequency of different sized groups of Coleophora
alticolella eggs in a sample of 30 inflorescences from

335m on 292 June 1978

Eggs per

oviposition

site 1 2 3 4 5
Freguency 210 66 12 7 1

The number of oviposition sites is not the same as the numbey
of eggs present, because not all of the eggs are laild singly. The
variation around the regression line is reduced if the number of
oviposition sites is plotted against the number of florets for ecach
inflorescence, instecad of the number of eggs against florets.

Figure 4.1b shows this relationship for the data from the same sample
as in Figure 4.la. In thig case, 55% of the variation in the aumber
of oviposition sites is explained by the variation in the number of

florets,
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Thus the number of florets on an inflorescence can determine
the number of oviposition sites but, because an oviposition site can |
contain more than one egg, the relationship between eggs and florets
is more variable, Data on the number of eggs per oviposition site

are discusgsed later, in relation to oviposition behaviour.
4.5 The density of eggs in relatlon to the Juncus squarrosus florets

The data for the density of Coleophkora alticolella eggs
presented in this sectilon are expressed as the number per floret of
Juncus sSquarrosus. This is not only because the number of florets
determines the number of oviposition sites, but also because it shows
the relationship between Coleophora alticolella and its potential food
supply. Complete data for the samples taken duripg this part of the
investigation are available in Appendix 4, but are alse summarized in
Table 4.2.

Towards the end of the oviposition peribd, some of the larvae
hatch before egg-laying has stopped. This occurred at the lower
altitudes in 1978. The density of the individuals present on the
final sample dates at these low altitudes 1s cxpressed as the number
of eggs plus laxvae per floret, if this value 1s greater than the
density on the previous sample date. Table 4.3 shows the number of
larvae present as a percentage of the total eggs plus larvae on the
final sample date at each site, and also the percentage of the eggs
that had larval head capsules visible.

Some of the valuaes of density given in Table 4.2 will be
slight underestimates of the true density because there 1s some
mortality of newly hatched larvae whilst they search for food. This

will not apply to the sample sites above 335m. It is not known if




Table 4.2 : The number of eggs (or eggs plus larvae) per floret of Juncus squarrosus at six sample sites

during the 1978 oviposition period. Data are given up to, and including, the sample date
g

with the maximum density of individuals. denotes larvae present in the sample.
Date 15m Cate 245m 335m 395m 455m 520m
30 May 0.015

5 June C.155 7 June 0.084 0,109 - - -
9 June - 0.11% 0,085 0.086 ©.000
14 June 0,249 15 June 0.287 0.277 0.227 0.136 0.000

18 June 0.373 0.452 0.335 0,181 -
21 June noammm 22 June 0.395 0.678 0.531 0.365 0.014
28 June “0.287 29 June “6.735 0.865 0.709 0.540 0.040
6 July - wwowwo 0,829 0.794 0.102

1874




Tabie 4.3 : The numbezr of Coleophomm alticoleila larvae, expressed as a percentage of the toital number
of eggs and larvae present, and the percentage of 2ggs present with head capsules visible;
in samples taken on the date with the maximum density at six altitudes during the 1978

oviposition period

Altitude 15 245 335 395 455 520
(m)

Sample Late For Maximum

Density of =ggs laid 28 June 29 June 6 July 6 July 6 July 6 July
Total numbdber of eggs plus

larvae in the sample 123 263 477 258 201 43

¢ present as larvae 1C.6 4,6 2.1 0.0 0.0 0.0

% of aggs with head

capsules visible 29.1 9.6 6. 1.6 0.5 0.0

[s2}

cy




eggs were lost due to pzedation or to the actions of wind and rain,
but as they were in such protected positions, loss due to these
latter causes would be slight.

There is an increase in the number of eggs per floxet during
the oviposition period, with a maximum density attained some two weeksz
carlier at 15m than at some of the higher altitudes. The oviposition
perlod also starts carlier at the lower sites. The length of the
ovipogition period cannot be measured accurately from these data
because sampling was not frequent enough to detect small differences.

Tae latexr start of the oviposition perlod, and the cooler
temperatures at higher altitudes results in the eggs being at an
earlicr stage of theix devélopment, The later cmbryonic development
it these sltes can be assessed by oxamining the percontage of eggs
with head capsules vigible. Table 4.3 shows that this value decreases
with incrcasing altitude. Head capsulaes were not present in any of
the cggs in sawplces taken above 245m on 29 June. Only one was found
in this final stage of development at 455m on 6 July and none at 520m.

Samples were also taken at 275m and 305m on 29 June 1978
(Appendix 4). The number of eggs, or eggs plug larvae, pex
floraet at these two altitudes, and the maximum densities at the othexr
six sites, arc shown in Pigure 4.2. There 1s a peak in the density at
335m, with 1.120 eggs por floret. Very few eggs were found at 520m.
The density of eggs laild below 335m falls to 0.735 per floxet at 245m
and 0,287 pexr florct at 15m. The dengity of eggs at 275m was almost
as high as that at 335m, with moxe than one por floret. This could
indicate vory heavy pressure on the food supply, especially as not all

of the florets develop into geed capsules.
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The maximem density of eggs, or eggs
plus laxrvac, of Coleophora alticolella
at different altitudes in 1978, coxpresaed

as the number per florct of Jumcus squarrosug







44

4.6 The rate of egg-laying

Although it is not possible to measure the length of the
oviponition period from the data, with the accuracy deslred, it is
peosible to estimate the rate of egg-laying at each altitude. This
rate has been calculated assuming that the change in the density of
eggs, as seen in Table 4.2, is linear with respect to time, In
reality, a sigmoidal relationship would be expacted, with fewer eggs
being laid at the beginning and end, than in the middle, of the
oviposition period. The data for the 15m site are more suggestive
of this type of relationship.

The rate of egg-laying ig the slope of the relationship
between egogs per floret and time, For the purposc of the calculation
of the regresslon coefficients, time is measured in days with
1 =1 June 1978, The results of the linear regression analyses are
given in Table 4.4, All of the data given in Table 4.2 were used in
these calculations, except for the 520m site where four sample datces
were used; the three with eggs present, and algso 18 June when it is
agssumed that there were no eggs present.

The regression coefficients wlith their standard errors,
given in Table 4.4, are mcasurements of the increase in the number of
ecggs per floxer nar dey at cach altitude. The highest vete was found
at 335m, but this was also the site with the highest total density of
eggs. The distribution of those rates with respect to altitude would
have a similar pattern to that seen in Figure 4.2, for the mazimum
density of eggs at each site. Thls may bé duc to differences in the
densilty of ovipositing adulis, xesulting in variations in the total dadly
egg production betwecn sites. No measurements of the densities of

ovipositing adults were wmade during this study. It is possible to make




Table 4.4 : The results of least squares regression analysis to describe the relationship between the
number of egys per floret and time by the equation y = bx + a; y is the density of eggs

per floret on each sample date x, measured in days with 1 = 1 June 1978

S.E. of
Altitude n b -1 -1 b a r p

(m) (eggs.floret ~.day )

15 5 0.00%80 0.0021 +0.0718 0.926 <0.05
245 5 0.0281 0.0037 -0.1372 0,974 <0.01
335 7 0.0368 0.0020 ~-0.1988 0.993 <0.c01
385 6 0.0312 0.C0L5 -0.2069 0.995 <0,001
455 6 0.0275 0.0014 -0.2419 0.980 <0.001
520 4 0.0055 0.0009 ~0.1063 0.973 <0.05




some comparisons between sites by calculating the percentage of the

total number of eggs laid per day, using the formula:

b x 100
waximum eggs per floret

% of total eggs laid per day =

These values are shown in Table 4.5,

Table 4.5 : The rate of oviposition of Coleophora alticolella
as a percentage of the total eggs laid at different

altitudes each day

% of total eqggs

Altitude laid per day
{(m)
15 3.14
245 3.82
335 3.29
395 3.47
455 3.46
520 5.43

After correcting the oviposition rates to allow for the
difference in the total density of eggs laid at each altitude, it can
be seen that there is little difference in the percentage of the total
eggs laid each day. Between 3% and 4% of the total were laid each day
below 500m. These values imply that the oviposition period was about
25 to 33 days long at these sites. There was a slightly higher

percentage rate at 520m and therefore a shorter oviposition period.
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4.7 The median date of the oviposition period in relation to altitude

The mid-point, or median date, of the oviposition period at
each altitude can be calculated by substituting y = ymax. density into
the formulae in Table 4.4. These values are given in Table 4.6 and
are measured in days after 31 May 1978; their equivalent calendar
dates are also shown. These values will approximate to the mean date
of oviposition at each altitude, if egg-laying is distributed normally

with respect to time.

Table 4.6 : The mid-point of the oviposition period at different
altitudes calculated as the value of x when y = %max.
density, in the equations in Table 4.4. The equivalent

calendar dates are also given

Mid-point of the Equivalent
Altitude oviposition period calendar date
(m)
(1L = 1 June 1978)
15 8.0 8 June
245 18.0 18 June
335 20.6 21 June
395 21.0 21 June
455 23.2 23 June
520 28.6 29 June

Figure 4.3 shows the mid-points of the oviposition periods
plotted against their corresponding altitudes. The trend shows that
the oviposition period ig delayed by 3.7 (+ 0.3, S.E.) days for every
100 metre rise in altitude. This was equivalent to a delay of almost

three weeks between 15m and 520m.
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Figure 4.3

The median date of the oviposition periods
at different altitudes in 1978, measured
in days with 1 = 1 June 1978. The
regression line has been fitted by the

method of least squares and has the formula

y = 0.037x + 7.697

n=256, r=0.983, P<0.001, S.E. of slope = 0.C03
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4.8 Oviposition behaviour in relation to food-plant development

Wood (1891) observed Coleophora alticolella females laying
eggs on the inner surface of the perianth segments of Juncus squarrosus
florets. This was confirmed by Jordan (1958), who added that eggs are
also laid between adjacent florets. In another study on this species,
Reay (1964) found that over 90% of the eggs were laid between adjacent
florets. He commented that when oviposition sites were in excess it
was rare to find more than one egg at a site, although he gave no data
for this. Joréan (Ioc. cit.) suggests that the position where eggs
are laid depends, to some extent, on the developmental stage of the
floret at the time of oviposition. This aspect of oviposition behaviour
is investigated by examining the change in the mean number of eggs per
oviposition site in relation to the number of eggs per floret, and the

development of the florets during the oviposition period.
4,8a The number of eggs per oviposition site

Despite Reay's comment, eggs are not infrequently laid in
groups at oviposition sites (Table 4.1). The number of eggs at each
site was recorded for the samples taken at 335m, 395m and 455m during
the whole of the oviposition period. With the exception of the sample
from 335m on 6 July, none contained newly hatched larvae, thus avoiding
complications caused by dispersal from groups. The values for the
mean number of eggs per oviposition site from all of the samples are
given in Table 4.7.

If a female lays eggs randomly with respect to the oviposition
sites, and with no regard to whether the site is already occupied, then
the mean number of eggs per site will increase with the increase in the

density of eggs laid. In addition, as eggs would be laid at sites




Table 4.7 : The m=2an anumber of Coleophora alticolella eggs par oviposition site, wivh standard wrrors and sample
sizes, at thres altitudes on different dates during the oviposition pericd in 1978, i'he percentage
of oviposition sites with wore than one egg is also given

Altitude Date Number of eggs per ovipositilon site Number of oviposition sites % oviposition
{m) : gites with more than
b S.E, {(n) one egg

335 7 Suae 1,200 0.C88 45 13.3

9 June 1.182 ©.067 44 15.9

15 June 1.286 0.039 oL 26.4

18 June 1.365 ©.045 167 31.7

22 June 1.414 0.046 203 33.0

2% June i.389 0.041 296 29.1

6 July 1.310 0.033 364 23.6

~

395 9 June 1.125 0.039 32 12.5

15 June 1.215 0.047 79 21.5

i8 June 1.327 0.051 113 29.2

22 June 1.291 0.042 175 _ 24,6

29 June 1.258 0.040 209 19.1

6 July 1.316 0.045 186 24.0

455 9 June 1.C6567 0.046 30 6.7

i5 June 1.133 0,051 45 13.3

18 June 1,184 0.053 49 16.3

22 June 1,316 0.060 o5 25.3

29 June 1.2C5 0.046 107 17.8

6 July 1.297 0.048 155 23.9

6%
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alrecady occupied, the groups would contain eggs of different ages.

If the females avoid sites where eggs are already present, then the
mean number of =ggs per site need not be related to the total density
of eggs, However, the egge in groups will all have been laid at the
gsame time by the same female and will, thexrefore, be all of the same
age.

The relationship between the mean number of eggs per oviposition
site and the density of eggs per floret is shown on Figure 4.4, At the
beginning of the oviposition period, when there are low egg dengities,
the mean number of eggs pexr oviposition site increases with the increasing
density of cggsper floret. This increase is significant(P < 0.05) at
the three altitudes. The values from all three altltudes lie around a
similar curve for this period, until they reach maxima on either 18 or
22 June. After these dates there is a tendency for a reduction in the
mean number at each altitude. The majoxley of the values then remain
between 1.25 and 1.4 eggs per site, despite the continued increage in
the number of eggs per floret later in the season. Tablc 4.7 shows
that the percentage of oviposition cites with more than one egg followa
the same pattern, wilth an increase up to 18 or 22 June, followed by a

decline.
4.80 The age of eggs in groups

All of the age-classes of cggs were prescnt at the three
altitudes on the last two sample dates during the oviposition period.
The colour and position of all of the eggs in these samples was recorded.
For the purpose of these analyses the ‘oxonge-egg’ ago-class includes the
few eggs with head capsules visible, when they occurred. Table 4.8 shows

that when eggs wexre found in groups, they rarely contained more than one




Figure 4.4 : The meén number of eggs per oviposition site
plotted against the number of eggs per floxet
in samples taken on different dates during the
oviposition period at (O) 335m, (O) 395m and

(D) 455m
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age~-class, Some samples contained no mixed groups at all. The five

mixed groups that wexe found each contained two eggs.

Table 4.8 : The number of groups of eggs (i.e. oviposition sites with
more than one egg present) and the percentage of groups
containing more than one age-class, on the sample dates

at three altitudes in 19278

Sample site

335m 395m 455m
No. of % No. of % No. of g
Date groups mixed groups mixed groups mlxod
29 Juno 83 3.6 40 2.5 19 0.0
6 July 86 0.0 47 2.1 37 . 0.0

The detection of the mixed groups will depend on the duration
of the different age-clagses. If the first two age-classcs are very
short, then mostly orange eggs will be present; a site may then contain
different-aged orange eggs which would be indlstinguishable. Table 4.9
glves the number of eggs of each age clags in the six samples and the
numbey of florets pvrcscat. This table shows that there were similax
numbers of yellow and orange eggs in each sample, but foewer white ones.
These data can be used to estimate the age of orange eggs.

By calculating the number of orange eggs pexr floret in each
sample and substituting this measurement of density into the appropriate
equations in Table 4.4, an approximation can be made to the date when
the last orange egg was laid. By subtracting these values from the

ample dates, the time taken for the eggs to turn oxange 1g obtained.
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Table 4,9 : The number of each age-class of eggs and the number of
florets in samples of Juncus squarrosus taken on two
dates at three altitudes during the oviposition period
in 1978, {The orange class at 335m om 6 July includes

10 newly hatched larvae)

Altitude Date White Yellow Orange Florets

(m)
335 29 June 65 153 193 475

6 July 22 189 266 426
395 29 June 59 107 o7 371

6 July 6 144 lo8 287
455 29 June 15 68 46 239

6 July 6 c8 97 253

All of these values arc given in Table 4.10, which shows that it takes
approximately two weecks for am egg to turn orange after 1t has boen laid.
aAny eggs laid in the two wecks after the last orange eggs
would still be either yellow or white. -~ This inecludes the period when
the mean number of eggs per floret is still increasing, as this phase
did not end until 18 or 22 June. If this rising phase was caused by
females laying at sites that were already occupied, then mixed groups

could have been detected and would occur more frequently than observed.




Table 4.10 : The time taken (in days) for eggs to turn orange,
calculated from two samples at each of three

altitudes (see text for methods)

Laying date of the last Time taken for eggs
Sample orange egg in each to turn orange
Altitude date sample
(m) (L = 1 June) (days)
335 29 June 16.4 12.6
6 July 22,4 13.6
395 29 June 15.0 4.0
6 July 18.7 17.3
455 29 June 15.8 13,2
6 July 22.7 13.3

Table 4.1l gives an example of thc distribution of the
different-aged eggs in oviposition sites, based on the data from the
335m site on 6 July. This table shows that most of the groups of eggso
were of the oldest age-class. 36% of the oviposition sites with orange
eggs contained more than one egg, whereas none of the sites with white
eggs had moxre than one. All of the orange eggs present in this sample
had been laid on or before 22 June, which was the sample date with the
maximum number of eggs per oviposition site at this altitude. The
reduction in the mean number of eggs per oviposition site after this
date was caused by the later eggs being laid in smaller groups until,
at the end of the oviposition period they ware laid singly. The
distribution of the different—aged eggs at the other sites followed

the same pattern.
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Table 4.11 : The frequency of different-sized groups of eggs at
oviposition sites, separated for each age-class.

The data are from 335m on 6 July 1978

Eggs pey % of sites
oviposition with more
site 1 2 3 4 5 than one egg
Wnite 22 0.0
Yellow 142 19 3 13.4
Orange 114 46 13 4 1 36.0

The mean number of eggs per oviposition site was calculated
for each age~-class separately, for the three altitudes on 6 July. The
results of these calculations are gilven in Table 4.12; the few mixed
groups have been omitted from the calculations. This table shows that
the mean number of eggs per oviposition site increases with increasing
age of eggs, all of the white eggs having been laid singly. The
difference between the means for orange and white eggs was significant
(P < 0,001) at all altitudes.

Competition between newly-hatched laxrvae for a food supply
could be avoided if an ovipositing moth lays eggs singly at an oviposition
gite, and avoids sites that are already occupicd. Coleophora alticolella
does lay most of its eggs singly at oviposition sites, When they arc in
groups, they are very close together and usually of the gsame age, indicating
that they had been laid at the same time and probably by the same female.
It was mostly the older cggs which had becen laid in groups, with an
increase in the mean number of cggs per site only up until the middle
of the oviposition period. This was followed by a period when the change

in the mean number of eggs per site was not related to the total denglty
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of eggs present. This change in the numbexr of eggs laild at a site
moy be caused by the inability of females to control the numbexr of

aggs laid on cach oviposition attempt.

Table 4.12 : The meoan number of different-aged eggs per oviposition site
on the last sample date during the oviposition period at
three altitudes in 1978. The orange eggs are the oldest
and the white are the youngest; n is the number of sites

with each age-class of eggs

Difference between

Age-class orange and white
Altitude White Yellow Orange t p
(m)
335 s 1.000 1,152 1.494
S.E. 0.000 0.032 0.058 8,517 <0.001
n 22 164 178
395 x 1,000 1.233 1.466
S.E. 0.000 0.051 0.073 6.384 <0.001
n 6 116 73
455 x 1,000 1.210 1.426
S.E. 0.000  0.049 0.090 4,733  <0.00L
n 6 81 68

The females of some Coleophora species lay most of their eggs
in the first few days after fextilization. Quednau (1967) found that
C. laricella (Hbn.) layed 57% of their eggs within three days after

copulation. Coshan (1974) found that C. serratella had a simlilar pattern
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of egg-laying, with the highest daily rate on the second day afterxr
copulation. This resulted in the oviposition period corresponding
closely with the adult emexrgence pexilod. If this also applies to
CoJeophora alticolella, then it could be suggested that the occasional
site with a group of cggs is the result of a female producing eggs in
this period at a faster rate than she is able to search for sultable
unoccupiced sites, and so having to lay several eggs at once. The
tall-off in the mean number of eggs laid at oviposition sites later

in the scason could then be due to morxe searching time being available
between the production of each egg later in adult life. The increase
in the mecan numbexr laid per site would be related to the overall density
of eqggs at each altitude since fewer suitable gites would be avallable
at the high cgg densitles. It would be expécted that when guitable
gltes are in excess, such as at the beginning of the egg-laying pexriod,
females could find sufficlent to enable them to lay all of their eggs
singly.

So far 1t has been assumed that the number of potential sites
on an inflorescence is constant throughout the oviposition perlod and,
as the density of eggs increases, so they are used up. If, however,
the number of suitable sites is not comstant, but increases during the
egg-laying period, then competition would decxease, A change in the
structure of the inflorescence during its growth and development could
result in an increase in the number of sites where eggs could be laid.
The degree of coincidence between the oviposition period and the flowering
of the food-plant could then be responsiblc for the changes in the

distribution pattern of the eggs.
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4.8c The development of Juncus squarrosus during the owviposition

period

During the oviposgition period the Juacus sguarrosus florets

are developing and opening to allow fertilization (see Section 3.4).

The percentage of the florets thgt has been open by cach sample date

at the threce altitudes is shown in Figure 4.5. There is an increase

in the percentage opening during the oviposition period, with the 50%
level reached axound 20 June. These values are a gulde to the increase
in the spatial complexity of the inflorescences. Ag the florets develop
and open, more oviposition sites become available.

At the end of the oviposition period, when most of the florets
had opened, =ome of the eggs were found to have been laid inside the
perlanth, next to the ovary. This is an oviposition site that is
unavailable earlier in the season. Eggs in this positilon were always
laid singly. Up to 50% of the white eggs in the last two samples were
laid inside the florets (Table 4.13). The increase in the percentage
of vellow eggs inside the florets on the second of the two sample dates

in this table is due to agelng of these white cggs.
4,82 Conclusions

Although the number of oviposition gsites is rxelated to the numbex
of florets on an inflorescence, the developmental stage of the florets
determines the availability of the sites. In the first part of the egg-
laying period, the florets were small and closely packed together. Ag
the density of the eggs increased, the suiltable sites were used up and
some of the eggs were laid in groups. After the date when about 50% of
the florets had opened, the mean number of eggs per oviposition site no

longer increased with increasing egg density. Eventually, when most of




Figure 4,5 : The percentage of Jumcus squarrosus florets
that had been open in samples taken on

different dates during the oviposition period

at.
a. 335m
b, 395m
c. 455m

Time is in days with 1 = 1 June 1978
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Table 4.13 : The percentage of each age-class of eggs found inside
the Juncus sguarrosus florets. Data from samples
collected on two dates at 335m and 455m, and once at 395m.

The total number of eggs in each age-class is also shown (n)

Sample White Yellow Orange
Site Date n % n B n %
335m 29 June 65 24.6 153 5.2 193 0.0

6 July 22 50.0 189 7.9 266 0.0
395m 29 June = - - - - =

5 July 6 50.0 144 13,9 lo8 0.0
355m 29 June 15 33.3 68 5.9 46 0.0

6 July 6 33.3 °8 7.2 o7 0.0

the florets had opened, there was an excess of oviposition sites and
all of the eggs could, once again, be laid singly at each site.

The extent to which the emergence of adults is synchronized
with the development of the food-plant will determine the amount of
competitlon for suitable oviposition sites, particularly at high densities
of ovipoglting adults. If sultablce sites become available at a faster
rate than they are used up, then all of the eggs could be lald singly.
Tt is also possible that the rate of maturation of eggs by individual
females could contribute to the increase in the mean number of eggs pex
site, if the places where eggs can be laid axe in short supply during
the first few days after copulation. However, there are, at present,

insufficient data to test this hypothesis.
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4.9 The effect of inflorescence density on oviposition bechaviour

The distribution of Juncus squarrosus plants in a sward is
not uniform, but is composed of a sexries of distinct patches (Xershaw
and Tallis, 1958; wWelch 1966a) - Between ecach of these patches
the density of the infloxescences may vary, resulting in a heterogeneous
stand. The effects of this heterogeneity in the density of inflorescences,
on the oviposition behaviour of Coleophora alticolella were investigated.
This was done by setting up experimental plots, with different densities

of inflorescences, at two of the sample sites.
4,%a Methods

At the beginning of June 1978, three permanent guadrats were
stoked out at both the 335m and 455m sample sites. These quadrats
measured 2m by 2m, and were widely separated from each other. Within
these arcas, the demsity of the Juncus squarrosus infloresecences was
modified. This was done by cutting away inflorescences to leave known
densities of 20m~2g 4Om—2 and 80m=2; the inflorescences that were left
were distributed over the whole of each quadrat. The 803:1"2 guadrat
was situated in an area with a slightly higher density of inflorescences
than the mean for the whole sample sitce, to ensure that there were
suffiicient for the experiment. This was an lncrease of 7 inflorescences
per m2 at 335m and 2 pexr m2 at 455m. Both of these differences were
within the 95% confidence limits for the overall densities.

In addition to these quadrats, at 455m two clumps each
contalning 20 inflorescences wexe 1lsolated in separate lmz quadrats,
with all other inflorcescences removed. These two small quadrats were

separated both from each other, and the three larger experimental plots.

Although these two small quadrats had the same overall density as the
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low-density plot described above, the distribution of the inflorescences
within the quadrats was different. The 20m-’2 plot had inflorescencas
widely distributed over the whole of each square metre, but the clumped
plots had the same number of inflorescences in a much smaller areca,
resulting in a very high within-clump density. The circumfercnce of
each clump was measured, thus enabling the calculation of the density

of tho inflorescences contained, assuming that both clumps wexre circular.
These measurements are given in Table 4.14. Inflorescences were
harvested from all of the experimental plots on 29 June, neay the end

of the oviposition period.

Table 4.14 : The circumference and area of two clumps of Juncug

squaryosus, each containing 20 infloxescences, at

the 455m sample site; the density of inflorescences

within each clump is also given

Clump Circumference Area Density of inflorescence within
each clump
(m) () @™?)
A 1.4 0.1560 128.2
B 1.2 0.1146 174.5

4,9b Results

It can be seen from the data presented in Table 4.15 that
there is an increase in the density of eggs per floret with increasing
density of inflorcscences at both altitudes. The values for the 335m
site are higher than those at 455m for coxresponding densities. This
is expected because the final densitles of cggs in the random samples

vas greater at the lower of the two altitudes (Table 4.2).
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Table 4.15 : The number of Coleophora alticolella eggs per floret
of Juncus squarrosus in samples taken from plots of
different dengsities of inflorescences on 29 June 1978,
The values for the background densities have becn
calculated from the random samples taken on the same

date, and are shown with 95% confidence limits

Inflorescence Number of

density inflorescences Eggs per
Altitude (No, pexr m)) examined floret
3356 20 20 0.650
40 20 0.786
80 20 0.925
Background - 73.6 + 20.5 30 0.865
455 20 30 0.362
40 30 0.55¢
80 30 0.665
Clump & = 128.2 20 0.699
Clump B - 174.5 20 0.749
Background - 78.0 + 15.3 20 0,540

The relationship between eggs per florxet and inflorescence
density is not lineaxr, but thexe is an increase in the density of eggs
vp to an asymptote (Figure 4.6). This feature i3 more apparvent for
the samples teken at 455m, whore there was a greater range of demsitles,
and the asymptote is lower. The values given in Table 4.15 for the
background densities at both of the sample sites, calculated from the
random samples on the same date, do not fit into this pattern because of

this non-linear relationship.



Figure 4.6

The density of Coleophora alticolella eggs

per floret of Juncus squarrosus at different
densities of inflorcscences. Data are from
samples collected on 29 June 1978 at 335m (O)

and 455m (O)
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If each inflorescence is congidered as a patch of prey
(oviposition sites or florets), and if the ovipositing females travel
between inflorescences at the same speed, then in areas with a high
inflorecscence density less time will be spent in ¢transit from one to
another. Con;equently, in the areas with higher demsities morec time
will be available for searching and ovipositing within an inflorescence.
It is possible to calculate the expected mean distance between an
inflorescence and its nearest neighbour in a random distribution,.
1f the density of inflorescence in an area is known, by using the

formula of Clarke and Evans (1954).

E(T) = ._%
2p

where E(;) is the expected mean distance to ncearest neighbours and
p the mean density per unit area. The values for E(E), in metres,

for the densities under consideration are given in Table 4.16,

Tablc 4,16 : The expected mean distance between nearest neighbours
calculated from the density of inflorescences in the

different experimental plots

Inflorescences E(;)
per m2 in metres
20 0.1118
40 0.0791
80 0.0559
128.2 0.0442

174.5 0.0378
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Figure 4.7 shows the number of eggs per floret plotted against
¢he calculated mean nearest neighbour distances foxr the different density
guadrats. There is no significant difference between the regression
coefficients for the two altitudes (¢ = 0.345 with 4 degrees of frocdem) .
The regression coefficient for the 335m sample site is not significantly
different from zero at the 5% probability level, but as only three data
points were available to calculate this regression and 99% of the
variatlon is explained, the relationship is considered to be representative
of the real situation.

These graphs show that the number of eggs iaid per floret is
Inverscly proportional to the distance between neighbouring inflorescences.
The greater the distance between inflorescences, the more time must be
spent travelling, and searching for them. The fact that the slopes of
the lines are so similar suggests that the travelling and searching
behaviour of the female moths, with respect to the distribution of
inflorescences, is the same at both alt;tudeso

The intercept on the y axis represents the upper asymptote

when the data is expressed as in Figure 4.6, This would occur when

the transit time between inflorescences is zero, that is, at an infinitely
high inflorescence density. The intercept on the y axis for the 335m
site is the higher of the two because of the higher densities of eggs

in the samples from this altitude.

4,10 Discussion

The rate of egg-laying at any site is related to the total
density of eggs laid, and hence the density of ovipositing adults.,
When a correction for this factor was made, no relatlonship was found

between the oviposiltion rate and altitude. Although the length of the



Figure 4.7 :

The density of Coleophora alticolella eggs

pary floret of Juncus squarrosus, in relation

to the expected mean distance between individual
inflorescences in the different density plots.
Data are taken from samples collected on

29 June 1978 at 335m (0) and 455m (O).

The straight lincs were fitted by the least
squares linear regression method, with g

as the distance between inflorescences and y

the density of eggs.

335m
y = 1.1876 - 4,869y

n=3 r = -=0,9946 0.05 < P < 0.10

S.E. of slope = 0,5087
445m
y = 0.9399 - 5.0655x
n=>5 r = =0,9953 P < 0,001
S.E. of slope = 0.2847
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oviposition periods did not vaxy with altitude, the date of the mid-
point at each site was directly xelated to altitude. This could have
bean due Lo “hn adult moths emerging at progressively latexr dates under
tha cooler climatic regimes at the higher altitudes. Coulson et al.
(1976) , working on the annual life-cycles of two species of Tipulidae

ot varilous altitudes in this reglon, found that adult emergence was
delayed at higher altitudes. They related this delay to the cooler
climatic conditions affecting pupation. Both of these species of
tipulid emerge in May and June, at a similar date to Coleophora alticolella.
The emergence of Molophilus ater Melgen was delayed by about 7 days over
a 300 meitre increase in altitude, and Tipula subnodicornis Zett. by

11 dayn over the semc altitudinal range. These values are similar to
tho delay in the oviposition period of Coleophora alticolella, which
was 11.1 days per 300 metre rise,

These three species of imsect have a gquiescent phase duxring
the winter months which foxr Coleophora alticolella is a true diapause.
Diapause sexrves to synchronize all of the individuals at one developmantal
stage, by ailowing the larvae at an earlier stage of devaleopment €o
catch up with those that arc fully grown.

Photoperiod is a stimulug which is frequently used for the
maintenance of diapause by insects. Many northern specles are relcased
from diapause by mid-winterxr, but the lowexr thermal thresholds for the
start of post-diapause development are often higher than the environmontal
temperatures at this time. This can lead to a break between the end of
diapause and post-diapause developmont (Tauber and Tauber 1976). Since
all of the sites used in this research wexe at approximately the same
latitude, Colecophora alticolella would be released from diapause on
about the same date at each. However, the lowor temperature threshold

for recommencing development would be reached at a later date at the
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higher altitudes. Iin addition, the lower temperatuxes at the higher
gites would cause slower development during the pre-pupal and pupal
Stages, This results in the delayed emexrgence of imagos at higher
altitudes. This delay 1s, however, advantageous because it enables
tha moth to be synchronized with the development of its food-plant.

When the eggs are being laid, there is apparently no way of
telling waich of the florets will develop into seed capsules. Juncus
sguarrosus is wind-pollinated (Welch 1966a) and so the adult moths
cannot ensure its fertilization, as happens in the relationship between
the yucca moth Tegiticula yuccasella (Riley) and its host plant Yucca
SpPPR.; or Detween the noctuid moth Hadena bicruris Hufn. and its larval
food-plant, the white campion Silene alba (Mill.) (Brantjes 1976). in
order to avoid competition between newly hatched laxrvae, and to ensure
that at least séme of the larvae find themselves on a floret that has
developed seed, it would be advantageous for the Coleophora alticolella
eggs to be distributed regularly with respect to the florets,

Overdispersion of eggs has been roported for other speciles of

Coleophora. The distyibutlon of the eggs of €. laricella, with |

respect to the needles of the western larch (Larix occidentaliis Nutt.),

has been studied in Idaho by Brown and Kulhavy (1978a). They found that
94% of tho infected ncedles had one agg, 5.8% had two eggs and only 0.2%
had more than two. C. serratella has a preponderance of single egg
clutches on the leaves of birch (Betula spp.) (Coshan 1974). C. alticolella
also lays single ecgg clutches and the majority of the oviposltion sites
have only one egg. But. during the fizst half of the ogg-laying pericd
suiteble oviposition nitcs are in short supply, which leads to an increase
in the mean number of oggs per site ag the total density increases. As
the Juncus SqUEXrOsus florets open, more sites become avallable and

fewer eggs ave laid in groups.
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Lawton (1978) has shown that the architecture of a plant can
change as it develops. This alters the number of niches available to
phytophageous lnsects. He suggests that this increase in gpatial
complexity of a plant could account for the increase in the diversity
of specles feeding on it, during the season. Increase in the gpatial
complexity 1s also responsible for changes in the egg-laying beﬁaviour
of Coleophora alticolella. This confirms Jordan's (1958) suggestion
that the oviposition behaviour is affected by the developmental stage
of the food-plant.

"he density of eggs per floret changes with altitude, and is
related to the density of ovipositing moths. Within one altitude site,
there mey be variation in the dengsity of eggs, depending on the
distribution of the Juncus squarrosus inflorescences. Areas with a
lower cdenczity of inflorescences than the background density for the whole
sward had fewer eggs pexr floret; areas with a comparatively high density
of inflorescences had greater numbers of eggs per floret.  The relationship
between eggs per floret and inflorescence density was not linear, but

increased to an asymptote. The number of eggs per floret for each

density plot was indirectly rclated to the expected mean distance between
neaxrest inflorescences.

Murdoch and OCaton (1975) have shown that, for predator-prey
models when prey are distributed in spatially-separated patches, predators
must spand time travelling from patch to patch, which could otherwise be
spent searching for prey within a patch. Oaten (1977) has shown that
this transit time is imporxtant In the stabilizing properties of the
functional responsa. His model suggests that with high prey density

within patches, less time must be spent travelling from patch to patch.
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Hassell and May (1974) have discusscd an aggregatlve response in predator-
prey models; with a given predator staylng in areas of high prey density
foxr longer periods of time, and hence moxre predators occurring ia these
high density regions, at any instant of time.

There was little varliation in the number of florets, and hence
oviposition sites, per inflorescence of Juncus squarrosus, both within
and betwaen different density plots at the same altitude. Also the
response of an individual female Coleophora alticolella to different
dengsities of florets per inflorescence is not known, nor the demnsity
of adults searching in each plot. Consequently, it was not pogsiblc
to test 1f C. alticolella behaves as a typlcal predatory. oxr parasitic
insecet in its oviposition behaviour. Howevex, the time that would
have to ho spent travelling betweoen inflorescences in differcnt dengleies
of Juncus squarrosus seems to have a signilficant effect in limiting the

numbexr of eggs laid per floret.




68

CHAPTER 5

STUDIES ON THE LARVAE OF COLEOPHORA ALTICOLELLA
5.1 Introduction

From measurements of the head capsules, Jordan (1958) established
that Coleophora alticolella has four larval instars. Similar measurements
were made during this study and the mean head width of each instar was
found not to differ significantly from Jordan's results.

The larvae feed on the seeds of Juncus squarrosus during the
period of July to October, They hatch from
eggs laid on the outside of the seed capsules and burrow through the
pericarp to gain access to the seeds, at the beginning of the first
instar. The first three instars are spent inside the initial seed
capsule and Jordan (loc. cit.) found that this period lasted about six
weeks in favourable conditions. Towards the end of the third instar
or at the beginning of the fourth, each larva starts to construct a papery
case (as shown in Plate I). This it carries arcund whilst searching for
more food, having eaten the contents of its initial capsule. The larval
case is impervious to water (Sich 1926) and Jordan (1958) suggested that
this would prevent waterlogging; likewise it could protect the larva
from desiccation whilst exposed on the outside of the capsules.

Jordan (loc. cit.) found that the larvae ate, on average, the
contents of 2.3 seed capsules during their development. He also showed
that they spent about three weeks feeding after they had produced their
cases.

After feeding is completed, the larvae move down to the leaf-
litter in order to pass the winter in diapause, although overwintering

larvae are occasionally found adhering to the vegetation. This movement
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of larvae to the ground layer in the autumn is referred to as larval
migration; this is not to be equated to emigration from the population.
The migrating larvae are still within the same population at each site;
only their location has changed.

In this chapter, the larval density and distribution is examined
in relation to the seed capsules at different altitudes. Survival,
between the egg stage and larval establishment inside the food supply,
is shown to be mainly dependent on the proportion of florets developing
into seed capsules. The effect of this on the altitudinal distribution
of the larvae is also discussed. In addition, larval development was
measured in relation to altitude and the production of cases and their

subsequent migration has been investigated.
5.2 Larval density in relation to the food supply

Larval density was measured over the whole transect in the
August of each year. By this time, all of the eggs had hatched and
the larvae had become established inside the seed capsules. Most of the
larvae had grown and were second or third instars; this facilitated
counting of individuals because the first larval instars were very small
and easily overlooked. On the other hand, the larvae were not so far
advanced as to have produced cases and moved from their initial seed
capsule. (A summary of these results is given in Appendix 5.)

Samples were taken on 9, 10 and 11 August in 1977, and in 1978
on 10 and 11 August. In 1979 the larvae were later in developing and
samples were collected on 23 and 24 August.

Figure 5.1 shows the mean number of larvae per seed capsule,
with 95% confidence limits, at the different altitudes in the August of

each vyear. These data show the relationship between the Coleophora




Figure 5.1

The density of Coleophora alticolella larvae
per seed capsule of Juncus squarrosus at
different altitudes in August of the three
years of this study. The mean values are

shown with 95% confidence limits:

a. 1977
b. 1978

c. 1979
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alticolella larvae and their food supply, and not the number per unit
area of ground, an aspect which is covered whilst discussing the population
dynamics in Chapter 7.

In 1977 the peak of larval density was at 245m, with a mean
(+ 95% confidence limits) of 0.614 * 0.053 larvae per capsule (Figure 5.la).
Some larvae were found at 61Om in 1977, but only at very low densities.

The value for this site, shown in Figure 5.la,is from two larvae in a
sample of 30 inflorescences.

Samples were collected from many more sites in 1978. In this
vear the peak of larval density was between 275m and 350m, often with more
than 0.8 larvae per capsule (Figure 5.1b). No larvae were found above
520m. Larval density was reduced below 275m, but did not reach zero;
there was a mean of 0.278 * 0.045 larvae per seed capsule at 15m.

1279 was characterized by very low larval densities. Again

the peak densities were found at the middle altitudes (Figure 5.lc).
The highest value was at 275m with 0.361 + 0.057 larvae per capsule;
the only other sites with more than 0.2 larvae per capsule were 305m
and 335m.

To summarize the data shown in Figure 5.1, larval density in
relation to the food supply was highest at the middle altitudes, falling
to zero above 520m in 1978 and 1979, but with a few larvae at 6lOm in
1977. At the lowest altitude larval densities were low, but they were
never reduced to extinction. Generally, densities in 1978 were the
highest, and in 1979 the lowest (although there was no significant
difference between the values for the 520m site). Most of the values

for the 1977 sample season lay between those for the other two years.
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5.3 Larval distribution in relation to the seed capsules

Samples taken in August 1978 were used to study the dispersion
of the larvae in order to discover if they aggregated in successful
seed-producing capsules. These samples had the highest densities of
larvae and also the greatest range of different densities. Consequently,
if crowding was to occur, it should be most evident in these conditions.

It is possible to test if a distribution departs from randomness
by comparing its mean and variance. In a Poisson distribution,sz/; is
unity; a value significantly greater than one implies aggregation, and
overdispersion is indicated by a value significantly less than one
{Southwood 1966) . This coefficient of dispersion can be tested with

the formula:

2
2 _ g (n-1)

where 52 is the variance, n the number of sample units (in this case
seed capsules) and ¥ the mean number of larvae per seed capsule.

Table 5.1 gives the values for the coefficients of dispersion
and the results of the X2 tests of the Null Hypothesis that the coefficients
are not significantly different from unity.

All of the values for the coefficients of dispersion are less
than unity, even at sites with more than 0.8 laxrvae per seed capsule.
Below 500m the larvae were significantly overdispersed with respect to
the capsules. There are fewer capsules with more than one larva, and
fewer unoccupied capsules, than would be oxpected from a Poisson
distribution with the same mean value at each site.

Although the larvae were overdispersed, some sharing of seed
capsules did occur. Table 5.2 gives the number and percentage of larvae

in each sample that were sharing capsules. These percentages are less



Table 5.1

Altitude
(m)

15

215

455

520

=
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The coefficients of dispersion of the Coleophora alticolella
larvae in relation to the seed capsules of the food plant at
different altitudes in August 1978. The results of x2 tests
of the Null Hypothesis that the coefficients are not
significantly different from unity are alsoc given

Coefficient of

dispersion Number of XZ
2
SZZEVizpiife S /; caggifes (n-1 4.€£.) P
(x) (n)

0.278 0.789 432 340.1 <0.,001
0,202 0.821 » 426 348.9 <0.001
0.592 0.606 360 217.6 <0.001
0.590 0.552 332 172.8 <0.,001
0.829 0.427 350 149.0 <0.001
0.750 0.450 320 143.6 <0.001
0.839 0.419 286 119.4 <0.001
0.807 0.540 228 122.6 <0,001
0.817 0.538 241 129.1 <0.,001
0,685 0.573 181 103.1 <0.001
0.723 0.613 148 90.8 <0,001
0.530 0.659 100 65,2 <0,001
0.111 0.889 54 47.1 Not significant

than would be expected from a Poisson distribution, but even so, in some

samples over 30% of the larvae were inside capsules with one or more other

individuals.

The incidence of this crowding inside seed capsules is a

density-related phenomenon, as can be seen from Figure 5.2. This graph

shows that at high densities ¢f larvae per seed capsule the percentage

of larvae sharing the food supply increases.



Table 5.2

Altitude
{m)

15
215
245

260

305
335
350
365
395
455

520

overdispersed on the food-plant.
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The total number of Coleophora alticoclella larvae in each

sample taken in August 1978; and the

number and percentage

of these larvae found to be inside seed capsules with other

Total larvae

120

86

213

196

290

individuals

Larvae sharing a
seed capsule

26
22
68
48
62
.6l
61
32
30

10

The newly hatch

oP

sharing

6.7

2.3
12.2
11.2
23.4
20.0
25.8
33.2

31.0

25.8

28.0

18.9

Both the eggs and the larvae of Coleophora alticolella are

ed larvae are very

small in relation to the structure and dimensions of the inflorescence,

and probably have a very limited mobility. This

to significantly alter their distribution pattern

in their life-cycle.

The lack of a significant

inside successful seed capsules suggests that the

reduces their ability
at this early stage
aggregation of larvae

larvae burrow into the



Figure 5.2

The percentage of Coleophora alticolella

larvae sharing Juncus squarrosus seed capsules
with one or more other individuals, at different
densities of larvae per seed capsule in August
1978. The curve shows the expected values

calculated from the Poisson distribution.
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floxret or seed capsule. This could have important consequences on the
survival of these first instar larvae, particularly at the higher

altitudes,as starvation would be expected in unsuccessful florets.

5.4 The survival of Coleophora alticolella from egg to establishment

in the seed capsule

In Section 4.5 the density of the Coleophora alticolella eggs
was discussed in relation to the number of Juncus squarrosus florets,
i.e. the potential food supply. By using these data, and those for
the subsequent density of larvae, it is possible to calculate the
survival of Coleophora alticolella from the egg to the stage when the

larvae are established inside the food supply. The percentage survival

is calculated from the number of eggs and larvae per floret by the formula:

Larvae per floret x 100
Eggs per floret

% Surviving =

Table 5.3 gives the maximum density of eggs laid at each site
in 1978 and the density of larvae per floret in the August sample.
This table alsc shows the survival rates at each altitude. The values
range from over 80% at 15m to less than 20% at 520m. The relationship
between survival and altitude is not linear over the altitudinal range
(Figure 5.3). It appears to be sigmoidal, with a greater reduction in
the percentage surviving, with increasing altitude in the middle region

of the transect.




T oy o e E e T ] W a— -

Figure 5.3 : The percentage survival of Coleophora alticolella
from eggs to larval establishment inside seed

capsules, at differxrent altitudes in 1978.
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Table 5.3 : The density of eggs and larvae per floret of Juncus squarrosus
at eight altitudes in 1978; with the percentage surviving

calculated from these values

Eggs per Larvae per
Altitude Floret Floret % Surviving

{m)

15 0.287 0.232 80.8
245 0.735 0.508 69.1
275 1.038 0.687 66,2
305 0.929 0.532 57.3
335 1.120 0.383 34.2
395 0.899 0.257 28.6
455 0.794 0.138 17.4
520 0.102 0.017 1l6.7

The percentage surviving has beéen calculated from the densities
of eggs and larvae per floret; in other words, from théir relationship
to the potential food supply at each altitude. If, as suggested earlier,
the newly hatched larvae burrow into the nearest floret, then the
proportion surviving should be dependent on the proportion of florets
successfully developing into seed capsules. This assumes that a larva
which burrows into a floret that has not developed into a seed capsule
is unable to leave and try others in its quest for food. This is a
reasonable assumption because an ability to reject unproductive florets
and continue searching would lead to aggxegation of the larvae inside
éeed capsules on a much larger scale than has been shown to occur.

Seed capsule production has been discussed in a previous chapter.

However, values for the proportion of florets developing into seed capsules
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are summarized in Table 5.4 for the altitudes under consideration.

These data are calculated from the number of florets and seed capsules

in the August 1978 samples; the same samples as used in assessing larval
densities. By this time all of the capsules that were to develop had

done so.

Table 5.4 : The number of florets, and the proportion that had developed
into seed capsules, in samples of 30 inflorescences of

Juncus squarrosus from eight altitudes in August 1978

Seed capsules as

Altitude Number of a proportion of

(m) florets florets

15 517 0.836

245 419 0.859

275 422 0.829

305 451 0.634

335 481 0.474

395 416 0.355
455 384 0.260

520 359 ‘ 0.150

The values for Coleophora alticolella survival and seed capsule
production were converted to angles by the arcsin transformation and
plotted against each other in Figure 5.4. This graph shows that survival
at this stage in the life-cycle is directly related to the proportion of
the florets developing into seed capsules. The relationship can be

described by the regression line:




Figure 5.4

The proportion of Coleophora alticolella
surviving from the egg stage to larval
establishment (y) plotted on an angular scale
against the proportion of florets developing
into seed capsules (x). The equation of the

regression line is

arcsin fy = 0.851 arcsin ¥ + 1.543
n=28, y=0.972, S.E. of slope = 0.084, P < 0.001.
The 95% confidence belt for the regression line

is shown by the broken lines.
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arcsin fy = 0.851 arcsin fx  + 1.543

where ¥ is the proportion of florets developing into seed capsules and

y 1s the proportion of Coleophora alticolella surviving from egg to

larval establishment. The figure shows this line with the 95% confidence
belt for the dependent variables. An extrapolation of this relationship
to the point where all of the florets develop into seed capsules indicates
that survival of C. alticolella would be between 87.0% and 99.8%. However,
with 90% seed capsules development, which is nearer to the maximum shown

in Table 5.4, the survival rate would lie between 68.1% and 87.5%., In
fact, the line equivalent to the simple relationship y = 0.8x lies entirely
within the 95% confidence belt, for all values of x below 0.95. This
implies that the survival rate is around 80% of the seed capsule production
rate over the observed range of .

If survival during this period is entirely determined by seed
capsule production, then the ratio of larvae per seed capsule to eggs per
floret would be expected to be unity. A ratio greater than unity would
indicate that the newly hatched larvae could select florets that had
produced seed capsules, in preference to the unsuccessful ones. A ratio
less than unity would indicate that some of the mortality was due to
factors other than seed capsule failure, Figure 5.5 shows the mean
number of larvae per capsule plotted against the number of eggs per
floret, at the eight altitude sites. The regression line is coincidental
with the 1:1 relationship at low densities, but at the higher densities
survival is lower than expected. The regression coefficient is significantly
less than unity (¢ = 3.799, n =8, P < 0.01). This suggests that there is
another component of mortality at this stage, apart from seed capsule
failure, and that it increases with an increase in the number of eggs per

floret.




Figure 5.5

The density of Coleophora larvae per seed
capsule (y) plotted against the density of
eggs per floret (x). The solid line has

the formula -

y = 0.732x + 0,048
n=28 r = 0.973 S.E. of slope = 0.071 P < 0.001

The broken line shows the ratio y = x.
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Failure of seed capsules does not explain all of the mortality
prior to larval establishment. Additional mortality factors may not be
related to food availability; for example, infertility of eggs or
failure of the larvae to hatch, although no eggs were found in samples
later in the season to substantiate this suggestion. Neither parasitoids
nor predators of eggs or newly hatched larvae were detected. Cannibalism
or the destyruction of eggs by older larvae could occur, especially at high
densities or in large egg groups. Cannibalism has been recorded for
other Lepidoptera (e.g. Brower 1961; Fox 1975), but has not been cbserved
for Coleophora alticolella.

Notwithstanding these other possibilities, the major mortality
factor acting on C. alticolella, between the egg stage and when the larvae
become established inside the food supply, is starvation caused by the
failure of florets to develop into seed capsules (at least at the densities
encountered during this research). Consequently} at the higher altitudes
on the Little Dun Fell transect, where seed capsule production is much
reduced, this factor is very important, and in 1978 resulted in over 80%

mortality above 500 metres.
5.5 The upper altitudinal limit of larval distribution

Table 5.5 gives data for the upper altitudinal limits of seed
setting by Juncus squarrosus and also Coleophora alticolella larval
distribution, from this and other studies. Previous authors (Jordan
1962; Reay 1959; Welch 1965) have used data for the sites on Little
Dun Fell and near Knock Ore Gill (an area S5km to the south, see Fig. 2.2)
to illustrate the changes in this upper limit.

Jordan (1962) concluded that the upper limit of the moth larvae

is determined by the upper limit of seed-setting by the food plant.




Table 5.5

Yeax

1942/44 /45

1947

1947

1952
1953
1954
1955
1956
1957

1963
1964

1977
1978
1979

79

The upper altitude limits for Coleophora alticolella larwval
distribution and Juncus squarrosus seed capsule production

for some years during the period 1942 to 1979. All localities,

apart from those used by Pearsall, are on the western escarpment
of the Pennines; Knock Ore Gill is about 5km to the south of
the Little Dun Fell transect (see Fig. 2.2). The data from |
Pearsall and Welch are based only on the presence of larval

cases. *Indicates years when the reduction in the larval limit
was caused by a reduction in the upper limit of seed capsule

production.

Upper limit

Upper limit of C.alticolella Source of
of seed capsules infestation Locality reference
(m) ' {m)
762 - 823 550 Central Lake District Pearsall
1950
>823 610 Saddle Back
Lake District o e
1036 463 Ben Wyvis
Rothiemurchus 00
753 564 Little Dun Fell Jordan 1955
753 564 Little Dun Fell 'y
410 410 Little Dun Fell ‘e
>455 427 Little Dun Fell Reay 1959
>455 427 - 440 Little Dun Fell 0o
>455 455 Little Dun Fell v
>600 410 Knock Ore Gill Welch 1964
>600 427 Knock Ore Gill .
Expected altitude
with 5% capsule
production
678 610 Little Dun Fell This study
551 520 Little Dun Fell 0o
596 520 Little Dun Fell P
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However, this only occurs in years when the seed capsule production is
reduced to an altitude below the upper limit of egg laying. He suggested
that in a year of good seed-setting following a bad year, the limits of the
larvae and seed should not coincide,due to the poor dispersal of ovipositing ‘
adults and thus a slow recolonization rate. This was corroborated by
Reay (1959) who found that in 1955, the year following the fall noted
by Joxrdan, seeds were produced at a higher level than larval distribution.
The slow recolonization rate was obvious, with the larvae only gaining
altitude by some 45 metres in the next three seasons.

By the time my studies had started, the upper limit was around
610 metres, but in 1978 seed production was reduced at the high altitudes
(the table shows the predicted altitude with 5% capsule production,
because of the asymptotic approach to zero). This resulted in a reduction
in the upper altitude limit of the larvae. In 1979 the larvae had not
gained ground, despite considerable seed capsule production above the
level of laxval distribution in the previous year.

Welch (1965) suggested that low seasonal temperatures may also

be important in the change of the upper altitudinal limit of C.alticolella,
causing a slower larval development, and then an adult emergence too late
for oviposition on the food plant. This seems unlikely, because natural
selection should have resulted in a characteristic trigger to initiate
post-diapause development that would enable the emerging moths to be
synchronized with their food-plant (Tauber and Tauber 1976). Also,
during this study, eggs were found to have been laid at all stages of
floret development, so any later emergence would not preclude oviposition.
More likely is Pearsall's (1950) suggestion that an adverse climate could
cause a slower development of the seed capsules, after oviposition, SO
that larvae may hatch before seed production, a situation similar to that

describéd in Section 5.4.
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The present research has shown that a lowering of the upper
altitude limit of Coleophora alticolella is not a sudden cut-off, but
is a result of a gradual decline in larval survival, concomitant with

the decline in the success of seed capsules at higher altitudes.
5.6 A comparison of larval development at 15m and 455m in 1978

The development of the C. alticolella larvae at the lowest
sample site was compared with that at 455m. The larvae were removed
from the seed capsules and examined for evidence of parasitization, or
to find if they had died prior to collection. The parasitized and 'dead’
larvae were excluded from the following analyses. The remaining larvae
were assigned to different age-classes, after measuring the width of
their head capsules. The number of eggs present on each inflorescence
was also recorded. (These data are available in Appendix 6.)

Larval development is expressed as the mean stadium present in
each sample, calculated by using the values O to 4 for the egg and four
larval instars. The results are given in Table 5.6. Only eggs were
present from 3C May until 21 June at 15m; and from 9 June until 6 July
at 455m. At the end of the sampling season, all of the surviving larvae
were fourth instars. Very few larvae were present on the last two sample
dates at 15m and none was found in the samples from 455m in either October
or November., By this late stage most of the larvae had finished feeding
and had already moved down to the leaf-litter.

Figure 5.6 shows the mean instars plotted against the date of
each sample for both sites; the two curves have been fitted by eye.

The values for the 455m site lie to the right of these from 15m,
indicating that larvae at the higher altitude were at an earlier stage

in their development throughout the season.




Table 5.6 : The mean instar calculated from the number of eggs and live larvae presen in samples Ffrom the
15m and 455m sites during the 1978 field season. (Mean instar of O cccurs when only eggs are present.)

Lom Standard Sample 435m Standard Sample
Date Mean instar deviation size Date #ean instar deviation size
30 May Q.000 0.C00 9

6 June 0.CC0 0.C00 85 9 June 0.000 0.0C0 32
14 June 0.000 0.000 96 15 June 0.000 0.000 S1
18 June 0.000 0.000 58

21 June 0.0C0o 0.000 116 22 June 0.000 0.000 125
28 June 0.106 0.311 123 29 June 0.000 0.000 129
5 July 0.965 0.695 86 6 July 0.C00 0.000 201
13 July 1.653 0.679 72 14 July 0.039%9 0.201 158
22 July 0.484 0.567 62

29 July 2.570 0.658 79 27 July 0.804 0.543 46
2 Aug 2.585 0.701 65 3 Aug 1.447 0.542 47
10 Aug 3.043 0.650 94 11 Aug 1.774 0.575 53
16 Aug 3.254 0.595 63 17 Aug 2.031 . 0.537 32
23 Aug 3.413 0.583 46 24 Aug 2.739 0.542 23
30 Aug 3.475 0.506 40 1 Sept 3.050 0.394 20

8 Sept 3.649 0.487 37

15 Sept 3.920 0.275 25 16 Sept 3.217 0.518 23
24 Sept 3.889 0.333 9 25 Sept 3.765 0.437 17
11 Oct 4,000 Q.000 5 12 Oct (4.000) 0.000 (0]
8 Nov 4.000 0.C00 3 7 Nowv (4 .000) 0.000 (0]

¢8



Figure 5.6

The development of Coleophora alticolella
larvae, from egg to the fourth instar, at
the 15m site (Q) and the 455m site (Q)
during 1978. The values are expressed as
the mean stadium (with 95% confidence limits)
present on each sampling date; time is in

days, 1 = 1 June 1978.
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The two curves do not appear to be of the same shape.

At 15m the gradient of the line, after about 60 days, is less than either
earlier in the season at the same site, or compared with the same stages
of development at 455m. This convergence of the two lines seems to
indicate a slower development of the larvae, from the second to the fourth
instar, at the lower site. However, this may be attributed to the older
larvae having moved to the leaf-litter, and to mortality of larvae due to
parasitoids, which attack at 15m but not at 455m. The loss and death of
the older larvae leads to an exaggeration of the proportion of the younger
larvae in the samples. The rate of development will also appear to
decrease towards the end of the season because the mean value can only
reach 4 when there are no younger larvae present. For these reasons

it is not possible to calculate the duration of the third instar with
accuracy.

Approximations to the duration of the earlier stadia are possible,
by interpolation of the graphs in Figure 5.6, and from the median oviposition
dates as given in the last chapter. The mean hatching date corresponds
to the time when the mean instar is 0.5; this is when half of the
population is in -the first instar and half are still in eggs. The
difference bétween this value and the median date of the oviposition
period gives an estimate of the duration of the egg stage. Similarly,
the duration of the first instar is from the mean hatching date to mid-way
between mean instars 1 and 2 (i.e. 0.5 to 1.5). These mean dates are
given in Table 5.7 with the values for the duration of each stage.

The values given in Table 5.7 must be treated with caution as
they have no confidence limits. However, the first period, from oviposition
to hatching, took one month at 455m but only 25 days at 15m. The duration
of the first instar was shorter, being only 10 days at 15m and 13 days at

455m. The duration of instar II was similar at both sites, but a little




Table 5.7 : The mean date for the start of each instar and the madian date of the oviposition pariod

at 15m and 455m in 1978;

Mean instar Stage
Oviposition
Egg
0.5
Instar I
1.5
Instar IT
2.5

Instar III

3.5

the

—

13

28

27

the duration of each stage and the differences between tha dates

two altitudes are also given
15m 455m
5 Vﬁ : {Wﬂh”‘O — — e ld
Mean Duration of each Mean Duration of each Difference betwezn
date stage (days) date stage (days) sites (days)
June 23 June 15
25 31
July 24 July 21
10 13
July 6 Aug 24
15 16
July 22 Aug 25
30 22
Aug 13 Sept 17

8
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longer than instar I. The effect of the convergence of the two graphs
after 60 days is evident from the apparent longer duration of the third
instar at the lower site; but the value of 30 days for the duration of
instar IIT at 15m is an overestimate.

It is surprising that, apart from the longer duration of the
egg stage at 455m, there was little effect of altitude on larval
development. The final column of Table 5.7 shows that the time lag
between equivalent mean instars increases from a 15 day delay in oviposition
to 21 days on hatching but then remains at a similar level to the beginning
of instar III.

The last samples containing eggs were collected on 5 July at
15m compared with 3 August at 455m. The first occurrence of fourth instars
in samples from 15m was on 29 July and on 24 August at 455m. Table 5.8
gives the developmental rate per day between these sample dates, calculated
by dividing the difference between mean instars on the two dates by the
time interval in days. This rate was of the same order at both altitudes,

but only slightly slower at 455m.

Table 5.8 : The development rate per day of the larvae of Coleophora
alticolella at 15m and 455m in 1978; calculated from the change
in mean instar for the period from the last sample with eggs

until the first sample with fourth instars

15m 455m
Last sample with eggs
Date 5 July 3 August

Mean instaxr 0.965 1.447
First sample with
fourth instars Date 29 July 24 August

Mean instar _ 2.570 2.739
Time between samples (days) 24 21

Development rate (change in
mean instar per day) 0.067 0.062
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The effect of increasing altitude on the developmental rates
of different stages can be examined by calculating temperature ccefficients
(*Qlo), assuming that temperature is the only factor affecting development
over this range. The altitudinal difference of 440m between the two
sites is equivalent to a 3°%c temperature difference. The following
formula can be used to calculate the Qlo when the rates are not exactly

10°C apart (Schmidt-Nielsen 1979):

log Q1O = (log R, - log Rl). 10
B T, - T
1 2

2

where Rl and R2 are the rates at the two temperatures Tl and T2.

The values of the two developmental rates from Table 5.8
substituted into this eguation give a Qlo of 1.30, If a similar approach
is taken for the duration of the egg stages at the two altitudes (25 days
at 15m and 31 days at 455m) the resulting QlO is 2.10.

Thus, the development rate per day of eggs would be doubled
with an altitudinal decrease equivalent to a temperature increase of lOoC.

However, there is remarkably little effect of temperature on the

developmental rate during the early larval instars.
5.7 Larval case production and larval migration
5.7a Methods

During frequent visits to the sample sites in 1977 and 1978
the production of the larval cases and the subsequent migration from the
food~-plant to the leaf-litter was studied. Permanent quadrats,

measuring 2m by 2m, were staked out at several altitudes; 15m, 245m,

*

0] is temperature-dependent; the mean daily temperatures at Moor House

10 _
(558m) during the summer of 1978 were: June, 9.10C; July, l0,0oC;

August, lO.7OC.
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335m, 395m and 455m. (This procedure was also carried out at 520m
but, due to low larval numbers, the results from this site are not
included.) The larval cases on the inflorescences within the quadrats
were marked with a quick-drying waterproof ink, a different colour code
for each sample date. By this method, the number of larvae that had
produced cases since the previous sample date could be recorded. In
addition, the larvae that had been marked on a previous occasion and
were still present were counted. These values have been expressed as
the number of cases per inflorescence and are tabulated in Appendix 7.

The difference between the cumulative total cases produced
and the number present on each sample date gives the number of larvae
that had left the inflorescence and moved down to overwinter; this is
the number migrating and the values are also given in Appendix 7.

The relationships between the cumulative total of cases
produced, and also the number of larvae migrating, at each site were
both sigmoidal with respect to time. These data have been analysed
by describing them with logistic equations computed by the least-squares
method of regression. Some examples of the results of these analyses

are shown graphically in Appendix 8.
5.7p Case producticn

The results of the regression analysis of cumulative total
cases produced against time of sample are given in Table 5.9. Apart
from at 15m in 1978, over 99% of the variation in the number of cases
produced per inflorescence is accounted for. The values of k are the
upper asymptotes of the equations and represent the total number of

larval cases produced per inflorescence at each site.




Table 5.9 : The results of regression analyses to describe the relationship between the number of larval cases
produced per inflorescence (y) and time (x, in days with I = 1 June) by logistic equations with

the formula:

k
v -
1 + exp(a-bx)
degrees of 2
Altitude k a b F " freedom p R
1977
15 1.4734 8.1901 0.1102 1251.3 2,10 <0.001 0.995
245 4.1671 14.9198 0.1726 882.1 2,8 <0 .001 0.994
335 1.9331 16.9657 0.1810 1284.3 2,6 <0.001 0.9%7
395 1.3982 17.8918 0.1879 2951.3 2,6 <0.001 0.999
455 0.5158 15.1453 0.1523 1285.7 2,6 <0.001 0.997
1978
15 0.8609 8.9314 0.0998 1154.0 2,9 <0,001 0.952
245 1.5821 18.8674 0.1853 1467.7 2,5 <0.001 0.998
335 3.0699 23.7327 0.2449 3599.8 2,5 <0.001 0.997
395 1.7735 20.6624 0.1997 1554.6 2,5 <0,001 0.99%8
455 0.3672 22.4258 0.2207 424.9 2,4 <0.001 0.993
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Table 5.10 :

1977

1978

Altitude
(m)

15
245
335
395
455

15
245
335
385
455

The mean date of production of the larval cases during 1977 and 1978; .rneasu

Mean production

date
(L =1

74.3
86.4
93.7
95.2
99.4

89.5
loi.8
96.9
103.5
101.6

June)

Calendar
date
13 Aug
25 Aug
2 Sept
3 Sept
7 Sept
28 Aug
10 Sept
5 Sept
11 Sept
10 Sept

= 1 June

Standard
deviation
(days)

Standard
erroxr
(days)

0.50
0.53
0.39

Number
produced

918
327
555
429
220

127
169
508
246

69

"ed In days,

68
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The mean date of case production at each of these altitudes
has been calculated as the point of inflexion from these equations.
These values are given in Table 5.10, with their standard deviations.
There was a direct relationship between the mean date of case production
and altitude in 1977 (Figure 5.7a). This can be described by the
equation: ‘

y = 0.057x + 73.277

where x is the mean date in days after 3! May and y is altitude in
metres. The regression coefficient is significantly (P < 0.001)
greater than zero and indicates that case production was delayed by
5.7 * 0.9 days for every 1l0Om increase in altitude,

Although the mean date of case production was delayed at
some of the higher sites in 1978, the regression coefficient was not
significantly different from zero (Figure 5.7b).

The mean date of case production was later at each altitude in
1978 than in 1977. Table 5.11 gives the results of ¢-tests on these
differences, wnich proved significant at each altitude, apart from at
455m. The delay was similar for both the 15m and 245m sites, with the
mean date being a little over 15 days later in the second year. The

differences at the higher sites were not so great.

Table 5.11 : ¢t-tests of the differences between the mean dates of

larval case production in 1977 and 1978 at five altitudes

Altitude Difference t P

(m) 1978 - 1977 (days)

15 15.2 9.730 <0.001
245 15.4 17.700 <0,001
335 3.2 6.504 <0.001
395 8.3 12.161 <0.001

455 2.2 1.926 >0.05
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Figure 5.7 : The mean date of larval case production,
with 95% confidence limits, at different altitudes.
The regression equations are given with the mean
date, y, in days (1 = 1 June) and altitude, x,

in metres

a. 1977
y = 0.057x + 73.277
n=5 r =0.996 S.E. of slope = 0.003 P < 0.001
b. 1978
y = 0.028x + 90.592
n=5 r=0,844 S.E. of slope = 0.010 0.05 < P <0.10

The regression coefficient is not significantly different from

zero; the trend is shown in the figure by a broken line.
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The standard deviations are measurements of the synchrony
of case production at each site. The 15m site had the largest spread
in both years, with 95% (2 x 1.965) of the cases being produced over a
59 day period in 1977 and over 65 days in 1978 (Table 5.12). The
production of 95% of the cases at the other altitudes took an appreciably
shorter time, with values ranging from 35 to 43 days in 1977 and 27 to
35 days in 1978, In contrast to the 15m site, these values were lower

in the second of the two years at each site.

Table 5.12 : The number of days taken for the production of 95% of

the larval cases at different altitudes in 1977 and 1978

Altitude 1977 1978

(m)

15 59 65
245 38 35
335 36 27
395 35 33
455 43 30

The spread of case production will be determined primarily
by the synchrony of larval development. This will depend on the length
of the oviposition period, assuming that all eggs have an eqgual chance
of survival to the case production stage, irrespective of the time that
they were laid during the oviposition period. 95% case production at
the Little Dun Fell sites took on average 35 days, which was about the
same length as the oviposition period in 1978, It is not known why
there was such a large spread of case production at 15m; it is unlikely,
from the evidence of the data on egg-laying, that the oviposition period

at this site was very much longer than those at other sites in 1978,
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Although ultimately dependent on the length of the oviposition
period, the synchrony of case production may be modified by other factors.
Figure 5.8 shows that, at the Pennine sites, there was an inverse
relationship between the standard deviation of case production date and
the density of larvae per seed capsule. The 95% confidence limits of
the standard deviations are shown in this figure and have been calculated
by the formula given by Snedecor and Cochran (1967; p. 74). The lineax

relationship at these sites can be described by the formula:
y = 10.960 ~ 4.183x

where y is the standard deviation of the case production dates and x
the number of larvae per seed capsule at each site, The relationship
is significant at the 5% level of probability.

At the higher densities of larvae per seed capsule, the
percentage of larvae sharing seed capsules increases (Figure 5.2).
Consequently, the time taken to produce the cases could be modified by
food availability. If the larvae produce their cases when the food supply
in their first capsule is exhausted, those larvae sharing capsules with
other individuals should produce cases earlier in the season, relative
to solitavry larvae at the same stage of development.

This hypothesis was tested using data from a sample of 20
inflorescences collected from the 335m sample site on 1 September 1978,
This has been shown to be a site with high larval density, and consequently
a high proportion of larvae sharing seed capsules. By this sample date,
larval case production had started, although only two fully formed cases
were present; most were small and thin and had obviously been newly
initiated. A 2 x 2 contingency table was constructed to test the Null
Hypothesis that the number of larvae in a seed capsule has no effect on

the proportion of larvae with cases. The results can be seen in Table 5.13,




Figure 5.8 : The standard deviation of the case production
dates at different densities of larvae per

seed capsule:

0O 15m site in 1977
O 15m site in 1978
QO Little Dun Fell sites in 1977

O Little Dun Fell sites in 1978
The regression line has been calculated from
the data for the Little Dun Fell sites (circles)

and has the equation:

10.960 - 4.183x
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-0.719 S.E. of slope = 1.651 P < 0.05
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which shows a significantly greater proportion of the larvae that were
sharing seed capsules had started to produce their cases, than those
larvae in capsules by themselves; thus disproving the Null Hypothesis

at the 5% probability level.

Table 5.13 : A 2 x 2 contingency table to test the Null Hypothesis
that the number of larvae in a seed capsule has no effect
on the proportion of larvae with cases. The value of

2 , .
X has been calculated using Yates' correction.

Single larvae >1 larva in
in capsule capsule
No case 42 19 6l
Case 25 29 54
67 48 115
2 . .
x = 5.101 P < 0.05 Null Hypothesis rejected.

5.7c¢ Larval migration

The difference between the cumulative total of cases produced
and the number still present on each sample date was used as a measure of
the number of larvae that had migrated to the leaf-litter. {These
values are also given in Appendix 7.) It is assumed that all of these
missing larvae are those that have finished feeding, and have left the
inflorescences to seek refuges for overwintering. Some of this disappearancd
could have been due to predation, although no evidence was found for this,
and none has been reported in the previous studies. Thorough searching

of the inflorescences outside the boundary of the permanent guadrats
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showed that a few of the marked larvae had moved ocut of the area to the
surrounding plants. This emigration was not on a large enough scale

to be responsible for the changes seen here. Also, assuming random
movements of larvae between inflorescences, emigration from the guadrats
should equal immigration, and thus have no effect on the number of

cases present at one time.

Logistic curves have been fitted to the data to describe the
migration of the larvae during this pericd. Table 5.14 shows the
results of these analyses. All of the equations explain at least 95%
of the variation in the number of larvae that migrated, with most being
over 99%.

The values for the parameter k are the maximum number of larvae
migrating at each sample site. Comparison of these values with those
for the number of cases produced (Table 5.9) shows that the predicted
total number migrating is always less than the number produced. This
reflects the real situation; by definition the migrating larvae must
have produced cases first, The differences between the numbers of cases
produced and larvae migrating are caused by mortality of the larvae after
case production; these values are used later in discussing the population
dynamics of this moth.

The data given in Table 5.14 were treated in the same way as
those for larval case production, to calculate the mean migration dates.,
The results are given in Table 5.15.

In 1977 there was a direct relationship between the mean date
of larval migration and altitude (¥Figure 5.9a). This can be described

by the formula:
y = 0.114x + 81.000

where y is the mean date of migration in days (1 = 1 June) and x is the

altitude in metres. The regression coefficient is significantly (P < 0.0l)




Table 5.14 : The results of regression analyses to describe the relationship between the number of larvae
per inflorescence migrating (z) and time (x, in days with 1 = 1 June) by logistic equations
with the formula:

_ k
"1 + expla - bx)

K4

degrees of

Altitude k a b F freedom p xm
(m)

1977
15 0.6481 8.2582 0.0965 1055.5 2,10 <0.001 0.994
245 2.5980 12.6109 0.1214 . 581.6 2,8 <0.001 0.991
335 1.8302 19,7533 0.1712 10788.3 2,6 <0.001 0.999
3385 1.3779 10.7924 0.0834 700.5 2,6 <0.001 0.994
455 0.4944 9.7868 0.0725 399.0 2,6 <0.001 0.990

1978
15 0.2353 8.7838 0.0867 143.5 2,9 <0.001 0.963
245 0.8335 26.7461 0.2259 8252.6 2,5 <0.001 0.999
335 2.9051 28,2873 0.2550 1006.9 2,5 <0.C01 0.997
395 1.6255 24 .8590 0.2100 1462.6 2,5 <0.001 0.998
455 0.3319 18.5413 0.1606 159.7 2,4 <0.001 0.981

S6



Table 5.15 : The mean date of larval migration in 1977 and 1978; measured in days with 1 =1 June

Mean migration Calendar Standard Standard Numbeyr
Altitude date date deviation error migrating
(m) (1 = 1 June) (days) (days)
1977
15 85.6 25 Aug 17.3 0.87 398
245 103.9 12 Sept 14.0 0.99 199
335 115.4 23 Sept 9.8 0.43 530
395 12S.4 7 Oct 19.9 1.01 391
455 135.0 13 Oct 23.1 1.72 181
1978
15 101.3 9 Sept 19.4 3.32 34
245 118.4 26 Sept 7.4 0.79 89
335 110.9 19 Sept 6.5 0.29 496
395 118.4 26 Sept 8.0 0.55 213
455 115.4 23 Sept 10.5 1.32 63

96



Figure 5.9 : The mean date of larval migration, with 95%
confidence limits, at different altitudes.
The regression equations are given with the
mean date, y, in days (1 = 1 June) and

altitude, x, in metres.

a. 1977
y = 0.114x + 81.000
n=5 r =0.979 S.E. of slope = 0,014 P < 0.0l
b. 1978
y = 0,033x + 103.463
n=>5 r =0.784 S.E. of slope = 0.015 P> 0.10

The regression coefficient is not significantly
different from zero; the trend is shown in the figure

by a broken line,
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greater than zero and shows that migration was delayed by 11l.4 + 4.3 days
for every 1lOOm increase in altitude.

As with case production, there was no significant relationship
between larval migration and altitude in 1978 (Figure 5.9b).

Table 5.16 shows that the mean larval migration date in 1978
was significantly earlier than in 1977 at 335m, 395m and 455m; but that
at the two lowest altitudes larval migration, like case production, was
later in the second of the two years. In fact, the differences between
the mean dates of larval migration at 15m and 245m were similar to those

for case production, being about 15 days later in 1978,

Table 5.16 : ¢t~tests of the differences between the mean dates of
larval migration at five altitudes in 1977 and 1978.

Negative values indicate an earlier mean date in 1978

than 1977
Altitude Difference t P

{m) 1977-1978 (days)

15 + 15.7 4,574 <0.001
245 + 14.5 11.448 <0.001
335 - 4.5 8.676 <0.001
395 - 11.0 9.56¢% <0.001
455 - 19.6 9.040 <0,001

Calculation of the synchrony of larval migration at these
altitudes (Table 5.17) showed that this period was much longer in 1977
than in 1978 for each sample site; apart from at 15m, where 95% of
the migration was over a period of 76 days in 1978 compared with 68 days

in 1977.
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Table 5.17 : The time taken, in days, for 95% of the Coleophora
alticolella larval migration, at different altitudes

in 1977 and 1978

Altitude 1977 1978
(m) {days) (days)
15 68 76

245 55 29
335 38 25
395 78 31
455 91 41

In both years, migration occurred over a shorter time period
at the 335m sample site, and the longest were at 15m in 1978 and 455m
in 1977. The value of 91 days at the 455m site for 1977 is a very
large spread about the mean date, and would indicate that migration
continued until the end of November. This is an overestimate, from
the evidence of cobservations made in the field.

The synchrony of migration will depend, to some extent, on
the synchrony of case production, because larvae cannot migrate until
after they have produced their cases. As with case production, the
greatest synchrony was at sites with the highest densities of larvae
per seed capsule. Figure 5.10 shows the time taken for 95% migration
plotted against the time for 95% case production. Only three points
lie below the line of equality. These were 245m, 335m and 395m in 1978;
the value for 335m in 1977 is vexy near to this line. At sites where
larval density was lower, the spread of migration was greater than that

of case production.




Figure 5.10

The time taken for 95% migration of Coleophora
alticolella larvae plotted against the time for
95% case production. The diagonal line shows

equality in both parameters.

O 15m sample site in 1977
(J 15m sample site in 1978
O Little Dun Fell transect in 1977

O Little Dun Fell transect in 1978
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5.8 Larval feeding after case production

The difference between the mean date of larval case production
and the mean date of migration to the leaf-litter is an estimate of the
average time that the larvae spend feeding on the seed capsules, whilst
in their cases. Of course, not all of this ¢time will be spent eating
seeds; the larvae must move from one capsule fo another, for example.
Rather it i1s a measure of the whole of this feeding period.

The larval migration date may not be independent of the case
production date, because they are both calculated froﬁ the same data.
However, a comparison of the two regression coefficients for 1977
(Figures 5.7a and 5.%a) shows that the slope for migration is significantly
greater than that for case production (& = 4.120, with &6 degrees of freedom;
P < 0,01). Thus the larvae at the higher altitudes spent longer between
producing their cases and migrating than those at the low altitudes, in
1977,

Figure 5.11 shows the values for the length of time spent in
this stage, plotted against altitude; and also these same values

expressed as the percentage rate per day, from the formula:

100
Migration date - Production date

% rate per day =

The 1977 data is shown in Figure 5.lla and is similar to a
typical temperature-dependent development-rate plot, bearing in mind
that the cooler temperatures are at the higher altitudes and lie to the
right. The inverse linesar relationship between the reciprocal x 100

of the feeding time and altitude has the formula:

100, = 9.118 - 0.0143x
/y




Figure 5.11

The average number of days that larvae spent

feeding on the seed capsules after case
production {O), and the percent feeding rate
per day (Q)., in relation to altitude in:
a. 1977
and
b. 1978
The regression of percent feeding rate per day

1
( OO/g) on altitude (x) in 1977 is:

9.118 - 0.0143x

~
o
it
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-0,991 S.E. of slope = 0.001 P < 0,001

There was no significant relationship between
feeding rate per day and altitude in 1978; the
broken line in Figure 5.11lb shows the relationship

calculated from the 1977 data.
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This indicates that between 15m and 455m the duration of this peried

corresponds to the hyperbola:

6993 = y(637.6 = x)

In these equations y is the number of days between case production and
larval migration, at each altitude, ¥ in metres.

A temperature-time curve for insect development approximates
to a hyperbola for only a very narrow temperature range, departing widely
from it at either end, and is often better described by a logistic curve
(e.g. Davidson 1942, 1944). However, Andrewartha and Birch (1954)
suggest that the hyperbola may be accepted as descriptive of this type
of relationship, within the limited range of temperatures encountered
under field conditions, as opposed to laboratoxy experiments. In the
present study, the altitude range between 15m and 455m is equivalent to
a difference in mean temperatures of about 3%¢. Humpesch and Elliott
{1980) have successfully used power-law equations (Y = aX-b) as empirical
models to describe the relationship between temperature and hatching time
of various Ephemeroptera. - The hyperbolic equation is comparable to the
power-law eguation with b = 1 and X = the difference between the
experimental temperature {(T) and the lower developmental threshold (&)
(i.e. ¥ = a/(T7 - ¢)).

In 1978 (Figure 5.11b) there was no relationship between the
length of this period and altitude along the transect. However, the
broken line on this graph, which is the trend calculated from the 1977
data, shows that the rates at 15m and 245m were similar in both years.
Above this altitude these feeding times were much shorter than in the
previous year.

It is not known why the relationship between feeding time and

altitude did not hold for the higher sites in 1978, but it may have been
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due to food shortage. I have shown previously that the food supply
can affect larval case production. When larval density is high, all
of the excess food available to the cased larvae would be eaten soon
after the early cases had been produced. This would force the later
larvae from the inflorescence and result in an earlier and more
synchronised migration, with all of the larvae disappearing very soon
after case production.

Jordan (1958) showed that on average the larvae eat the contents
of 2.3 seed capsules, Therefore at densities higher than about 0.435
larvae per seed capsule, food shortage could be expected. Competition
for the excess seed capsules would not be so severe at the 245m site,
even though the density of larvae in the August of both years was dreater
than this value, because parasitization, neéligible at higher sites, would

reduce the larval density both before and after case production.
5.9 Discussion

Climatic changes along the altitudinal gradient affect
Coleophora alticolella both indirectly, through its food supply, and
directly, on the spzed.of its development. Larval density and distribution,
in relation to the seed capsules, is dependent on the distribution and
abundance of eggs but is modified by food-plant success. Newly-hatched
larvae do not move very far, but burrow into one of the nearest florets.
Subsequent larval survival depends on whether this has developed into a
seed—bearihg capsule on which it may feed. Establishment of larxvae in
a suitable food supply can be a critical stage in the life-cycle of an
insect, particularly when the eggs are laid on the surface of the food-
plant (Waloff 1968). Very high mortality can sometimes occur in this
situation. The failure to set seed by Juncus squarrosus has been shown

to be responsible for 80% of the mortality:qf_cdlaophora alticolella,
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before larval establishment, and this is the most important factor
contributing to a lowering of the upper altitudinal limit of the
distribution of this moth.

Ingsects, being poikilothermic, depend on environmental
temperatures for their growth and development. This relationship has
been well established by many studies which have shown a faster
development from egg to adult at higher temperatures. Fewer studies
have examined particular stages of the life-cycle separately. Those
that have done so have usually investigated the immobile stages; eggs
(e.g. Davidson 1942; Humpesch and Elliott 1980) or pupae (e.g. Nielsen
and Evans 1960). These studies have confirmed the expected relationship
between temperature and development. The temperature relationships of
the more active, larval stages have rarely been studied in isolation.
However, there is evidence to show that the relationship between
development and temperature is not constant throughout an insect's life,
but may change at different stages (e.g. Birch 1945). Data given by
Butterfield (1976), for the development rates of the cranefly Tipula
subnodicornis, show that the egg and pupal stages are highly sensitive
to temperature, but that the larval stages are usually less affected,
with QlO values of one or even less.

Acclimatization, or long-term physiological adjustment to
environmental temperatures, occurs in insects (Wigglesworth 1972).

This is distinct from the temperature-independent metabolism which has
been reported for some poikilotherms (mostly intertidal invertebrates)
(e.g. Newell 1966, 1970). When acclimatized, an animal retains its
temperature-dependence, but its response curve is shifted to compensate

for the prevailing conditions. If fully compensating, the metabolic

rates of animals held at the temperatures to which they are acclimatized

will be the same (Schmidt-Nielsen 1979),
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Coulson et al. (1976) have shown that the larval development
of the tipulid Molophilus ater is not related to the temperature
difference over a large range of altitudes in the northern Pennines.

The development of the larvae of Coleophora alticolella inside the seed
capsules of its food-plant is also constant in different parts of its
altitudinal range, despite the differences in environmental temperatures.
However, the development of the eggs was faster at the low altitudes,
where temperatures were warmer, and it is probable that the pupal period
was also shorter at these sites. Of course, these relaticonships between
larval growth and altitude are not completely analogous to controlled
experiments on the effects of temperature on development; other factors
such as differential mortality or genetical differences, in the different
parts of the insect's range, may also be responsible for an apparent
temperature-independence. Further studies would be necessary to show

if these effects were due to acclimatization to temperatures in the field;
and, if there is acclimatization, whether it occurs only during the larval
stages, and not during the egg or pupal stages.,

Despite phases of apparent compensation for different
environmental temperatures, the overall development of insects is slower
in cooler conditions. However, there are other mechanisms by which
insects can circumvent the effects of adverse environmental temperatures
and yet still maintain seasonality, thus enabling them to inhabit a wide
geographical range. These include: a change from an annual to a biennial
life-cycle in colder areas, for example in the eggar moth, Lasiocampa

guercus (L.) (Ford 1972); pupation at a small size in cooler temperatures,

as in the garden chafer, Phyllopertha horticola (L.) {(Laughlin 1963); or
even the insertion of extra larval instars at higher temperatures, as

Geyspits and Zarankina (1963) recorded for the pale tussock moth,
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Dasychira pudibunda (L.). Geographical populations of the same species
have also evolved in response to latitudinal differences in climate
(Danilevskii 1965; Beck 1968).

One of the commonest mechanisms enabling insects to be
synchronized with their food supply, or with other events occurring
over a short period of time, is diapause (Tauber and Tauber 1976).

The use of a winter diapause in the maintenance of an annual life-cycle
by Coleophora alticolella, over the whole of its altitudinal range, is
clearly demonstrated by the results given in this and the preceding
chapters. In 1977, larval case production was delayed by 5.7 days

and larval migration by 11.4 days, for every 1lOOm increase in altitude.
The following spring, the median date of the oviposition period was
delayed by only 3.7 days per 1lOOm. Consequently, between 15m and 455m,
the 50 day delay in larval migration was reduced to only a 16 day delay
in oviposition. Thus the moth is able to compensate for much of the

delay caused by the retarded development at the higher sites.
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CHAPTER 6

STUDIES ON THE PARASITOIDS OF COLEOPHORA ALTICOLELLA

6.1 Introductiion

One host species is often attacked by a number of different
parasitoids which may range from host-specific, monophagous species
to polyphagous species attacking a variety of different hosts.

Zw8lfer (1971) has reviewed the structure of such parasitoid complexes
in an attempt to discover what mechanisms exist to allow this competitive
co-existence, Root (1967) used the.term ‘guild’ to define a group of
species that exploit the same class of environmental resources in a
similar way. He developed this concept from his studies on insect-
ivorous birds gleaning insects from the foliage of cak leaves. Since
then, the concept has been applied to studies of insects (e.qg.

Rathcke 1976). Price (1971) has shown that the members of the guild of
parasitoids attacking the cocoons of the sawfly Neodiprion swainei Midd.
have different responses to microhabitat changes, such as moisture and
host density. This enables them to co-exist on the same host.

Jordan (1958, 1962) and Reay (1959) both reared hymenopterous
parasitoids from Coleophora alticeolella larvae collected from low
altitudes, but found them to be absent in areas with harsher climatic
conditions. Cragg (1961) thought it unlikely that these natural enemies
could have a significant effect on the population dynamics of
C. alticolella at Moorhouse. Coulson and Whittaker (1978) suggest,
however, that they could exert some regulating influence at the lower
altitudes.

The two previous studies on C. alticolella were confined to
sites above 195m and sampling during the periods of parasitization was

infrequent. This aspect of the ecology of C. alticolella has now been
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studied in greater detail? especially with the inclusion of the low
altitude sample site at Drigg.

The different species of insect parasitoids reared from
C. alticclella are listed in this chapter, followed by the results of
some morxe detailed studies on some of the commoner species. The effects
of the increasing climatic harshness on the parasitoids and their
relationship with their host were also investigated. Finally, the
changes in the complexity of the parasitoid guild along the altitudinal
gradient are demonstrated and the competitive abilities of the parasitoids

are discussed.
6.2 The species of parasitoids attacking Coleophora alticolella

Six species of primary parasitoid and one hyperparasitoid were

reared from Coleophora alticolella larvae feeding on Juncus squarrosus
during this study. All of the parasitoids were Hymenoptera and there

are no records of parasitic Diptera from this host.

Primaxry parasitoids:

Scambus brevicornis (Gravenhorst) Ichneumonidae, Pimplinae
Gonotypus melanostoma (Thomson) Ichneumonidae, Campopleginae
Gells sp. Ichneumonidae, Phygadeuontinae
Elachertus olivaceus (Thomson) Eulophidae, Eulophinae
Fuderus viridis Thomson Eulophidae, Euderinae

Pteromalus (Habrocytus) semotus (Walker) Pteromalidae, Pteromalinae

Hyperparasitoid:

Tetrastichus endemus (Walker) Eulophidae, Tetrastichinae



107

Scambus brevicornis was one of the commonest species of
parasitoid reared from Coleophora alticolella by Jordan (1958) and
Reay (1959). Askew (1964) has pointed out that the species of eulophid
referred to in these earlier studies as "a genus near Miotropis" is, in
fact, Elachertus olivaceus. Jordan and Reay both reared pteromalids
from this host. Reay (1959) named his as Habrocytus sp. and I assume
that they were Pteromalus semotus (Habrocytus is now a subgenus of
Pteromalus (Fitton et al. 1978)). Reay also found a Fuderus species.

Gelis instabilis (Foerster) has been recorded as a natural
enemy of rush-feeding Coleophora by Morley and Rait-Smith (1933),

The individuals reared from C. alticolella during this research were not

identified to species because the systematics of this genus are confused
at present and are undergoing review (M. Fitton pers. comm.) . There is
much host-mediated structural modification in the species of Gelis;
often males and females have been described as separate species (Zwart
1978). The male Gelis that I reared from Coleophora alticolella had
fully formed wings but the females were apterous.

Coleophora alticolella is a new host record for Gonotypus
melanostoma. Only one male and one female were reared during this study,
from samples taken at Drigg on 24 August 1977. This parasitoid has
previously been recorded from the moths Assara terebrella (Zincken) and
Cydia strobilella (L.) (Hedwig 1943).

Tetrastichus -endemus is hyperparasitic, attacking Elachertus
olivaceus.

Braconidae were not recorded as parasitoids of Coleophora
alticolella during this study; although Jordan (1958) found Bracon Sp..
and Thompson (1945) listed two species, Microbracon obscurator Nees and

M. osculator Nees.
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Samples of Coleophora alticolella collected at various times
during the summer of 1977, and cultured in an outhouse subject to
normal winter conditions, did not produce any other parasitoids which

may have had to undergo diapause before emergence.

6.3 Flachertus olivaceus

Elachertus olivaceus was one of the commonest parasitoids
of Coleophora alticolella found during the study. It is a slightly
gregarious ectoparasite and is oligophagous, being recorded from other

species of rush-feeding Coleophora (Askew 1968; Boutek and Askew 1968).

Jordan (1958) gives the impression that Elachertus olivaceus only
attacked the host larvae that had produced cases, but during this study
it was also found feeding on second, third and fourth instar hosts;
they were often found inside the seed capsules before case production.

E. olivaceus were observed ovipositing on hosts in the field
and in the laboratory. When laying eggs on the early host instars,
the female walks over the seed capsule tapping it with her antennae.
If a suitable host is found, she injects her ovipositor through the
pericarp to lay on the larva within. The ovipositor of such a small
species is very short and will not be able to reach a host feeding on
seeds in the middle of the capsule; only those which are near to the
pericarp will be susceptible to attack.

Sich (1923) suggested that the minute species of Hymenoptera
.might gain access to the Coleophora larvae by squeezing between the
apical valves of the case. This seems unlikely as all of the
Elachertus olivaceus females that I observed ovipositing o; the older

larvae did so by piercing the case with the ovipositor.
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Examination of the host larvae parasitized by Elachertus
olivaceus in the laboratory revealed that they were paralysed by the
ovipositing female, a condition from which they never recovered.

No evidence was found for more than one female ovipositing on the same
host, and all of the parasite larvae on a host were at the same stage
of development.

E. olivaceus overwinter as pupae. However, cast pupal skins
in asscciation with the remains of parasitized Coleophora alticolella
larvae, inside the seed capsules,indicated that some of the individuals
emerge before the winter. None of the other parasitoids pupated until
the following spring. These observations corroborate an earlier
suggestion by Askew (1964) that Elachertus olivaceus has two generations
per year; a conclusion he gained from the distribution of the flight
periods.

Jordan (1958) recorded up to three pupae of this species per
host. I cccasionally found four or even five fully formed pupae on
one host, all of which emerged successfully in the laboratory. The
number of E. clivaceus supported by the host larvae was investigated

in more detail.

6.3a The number of Elachertus olivaceus per parasitized host

The number of E. olivaceus pupae found on each host larva
was recorded and the results divided into groups depending on the age
of the host. Two age-classes of host were used; young hosts which
had not produced larval cases, and older, bigger hosts with larval cases.
Table 6.1 shows that most of the smaller host larvae had only one
E. olivaceus, and never more than two. The older larvae could support

more individuals.




Table 6.1 : The fregquencies of Coleophora alticolella larvae,
of two age~classes, with different numbers of

Elachertus olivaceus pupae in 1977 and 1978

Pupae per host

1 2 3 4 5
1977
Host without
larval case 56 8 0 0 0
Host with
larval case 55 47 22 8 1
1978
Host without
larval case 93 7 o] 0 0
Host with
larval case 24 34 5 2 0

Hosts attacked E. olivaceus before case production were
never found with more than two eggs, larvae, or pupae; Therefore
the difference in the average number of pupae per host, in relation to
host size, cannot be attributed to competition between the developing
parasitoid larvae causing a reduction in their numbers. There was,
however, considerable variation in the size of the pupae on different

hosts.
6.3b The length of Elachertus olivaceus pupae ‘

The length of the E. olivaceus pupae, from the 15m and 245m
sample sites, was measured microscopically. The results were separated
into groups according to whether the pupae had been found on host larvae

attacked before or after case production; and within these two groups,




into the lengths of pupae in different brood sizes. (For the purpose
of this invéstigation, a brood is defined as the number of parasitoids
on each host.) The results for 1977 and 1978 were combined as there
were no significant differences between equivalent means. The mean
lengths of pupae from different categories of host are later used in
calculating pupal volume.

Table 6.2 shows that the maximum mean length of the  pupae
was a little over 1.8mm, and that the minimum mean length was less than
three-quarters of this value, 1.333mm (the range of values was from
1.17%mm to 2.051mm). The mean pupal lengths are consistently greater
at 15m, but at each altitude there is variation depending on the size
of the host and the number in each brood.

The differences between the mean lengths of pupae in different
brood sizes, but on the same stage of host, at the two altitudes, are
given in Table 6.3. There was no significant difference between the
lengths of pupae in broods of one and broods of two, when Elachertus
olivaceus parasitized larvae before they had produced their cases at the
15m sample site; but at 245m the pupae in broods of two were 16.6%
shorter than solitary pupae. The difference was significant (2 < 0.01).
Similarly, when the host larvae were parasitized after they had produced
cases, the pupae were found to be significantly shorter in double broods
than in single broods at 245m, but not at 15m. It was not until there
were four pupae in a brood that there was any significant reduction of

the mean pupal length at the lower site.




Table 6.2

Brood size
(pupae per
host)

[y}
Y

The mean lengths (mm) of Elachertus olivaceus pupae

at two altitudes

. The values are categorized

according to the developmental stage of the host

larva and the different brood sizes of the

15m

Developmental
of host

without
case

1.786

1.756

0.077

parasitoid

stage
with
case

1.808

0.095

1.714
0.323

13

1.802
0.149

20

1.586

0.083

245m

Developmental stage

of host

without : with
case case
1.598 1.776
0.175 ' 0.138

42 20
1.333 1.624
0.205 0.166
6 34

1.658

0.213

19

1.410

0.174
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Table 6.3 : The differences between the mean lengths of Elachertus olivaceus pupae, from different

brood sizes on the same stage of host, at 15m and 245m

Brood S.E. of
Altitude Stage of sizes Difference difference t d.f. p
(m) host compared (mm}) {mm)
15 Without case 1 -2 . +0.030 0.071 0.423 8 N.S.
With case 1-2 +0.094 0.101 0.931 15 N.S.
With case 1 -3 +0.006 0.058 0.103 22 N.S.
With case 1 -4 +0.222 0.056 3.964 10 <0.01
245 Without case 1 ~2 +0,265 0.088 3.011 46 <C.01
With case 1 -2 +0.152 0.042 3.619 52 <0.001
With case 1 -3 +0.118 0.058 2.034 37 <0.05
with case 1 -4 +0.3566 0.069 5.304 26 <0.001

—
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15

245

245

The differences between the mean lengths of Elachertus olivaceus pupae on hosts at

different stages of development (with case - without case), but with the same brood

Brood size
(pupae per host)

Difference
(mm )

+0.022

-0.042

+0.178

+0.291

size at 15m and 245m

S.E.

of difference
{mm)

0.076

0.098

0.041

0.088

0.289

0.429

4,34}

3.307

15

60

38

<0.C01

<0.01

PIT




Table 6.5 :

Stage of
host
Without case

Without case

With case
With case
With case

With case

The differences between the mean lengths of Elachertus olivaceus pupae at different

altitudes (15m - 245m), but on the same stage of host development with the same

Brood size
(pupae per host)

brood sizes

Difference

(mm)

+0.188

+0.423

+0.,032

+0.090

+0.144

+0.176

S.E. of
difference
(mm)

0.066

0.092

0.057

0.094

0.059

0.068

2.848

4,598

0.561

0.957

2.441

2.588

22

45

37

14

<0.01l

<0.01

ST1T
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At 245m solitary Elachertus olivaceus pupae on large hosts
were 11.1% longer than on the younger host larvae and, in broods of
twe, the pupae were 21.8% longer on the older hosts, and both
differences were significant (Table 6.4). | At 15m, however, there
were no significant differences between the mean pupal lengths in
relation to the developmental stage of the host.

Table 6.5 shows the results of t-tests comparing the
equivalent mean pupal lengths between altitudes. Solitary E. olivaceus
pupae that fed on host larvae before case production at 245m were 10.5%
shorter than those at 15m. The pupae in broods of two on the younger
hosts were 24.1% shorter at the higher sample site. Both of these
differences were significant (P < 0.01). There were no significant
differences between the mean lengths of pupae in broods of one or two
on the larger hosts, but the pupae in the larger brocds at 245m were

significantly (P < 0.05) shorter than their counterparts at 15m.
6.3c Pupal volume

Length is only one measurement of the size of pupae, and
on its own cannot show the full effect of brood size and host
developmental stage on this parasitoid. The pupae are ellipsoid
but flattened dorso-ventrally, such that they are wider than deep.
Measurements were taken of the length, width and depth of twelve pupae,
to enable calculaticn of the pupal volume.

The relationships between pupal width and length and pupal
depth and length can be seen in Figure 6.1. The regression equations

of width (w) on length (I) and depth (d) on length are:

T
0

0.4751 - 0.174 (6.1)

Q,
l

= 0.5301 - 0.486 (6.2)




Figure 6.1

The relationships between Elachertus olivaceus
pupal width and length (0O) and pupal depth
and length (Q)
The regression of width (w) on length (1)
has the equation:

w = 0.4751 - 0.174
n=12, r=0.971, P < 0.001, S.E. of slope = 0.037
The regression of depth (d) on length (I) has the
equation:

d = 0.5301 - 0.486

n=12, r =0.958, P < 0.001, S.E. of slope = 0.050
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The regression coefficients are not significantly different from each
other (¢ = 0.884, 4.f. = 20, P > 0.05) which indicates that there is a
constant relationship between length, width and depth-

The volume of the pupae can be estimated as
Volume = 4ﬂ/3 (1/2)( w/2) (d/Z) (6.3)

Therefore, by substituting the values for the mean pupal lengths,
from the different categories of host given in Table 6.2, into the

equation
volume = "/6 (1)(0.4751 - 0.174) (0.5301 - O.486) (6.4)

the volume of the pupae on the different hosts can be found. These

values are given in Table 6.6. The maximum pupal volume, calculated

from these mean lengths, was 0-306ﬁm§ for single pupae on large hosts

at the 15m site. The minimum volume was less than a quarter of this

maximum, being only o,o71mm3 for broods of two on hosts without cases

at the 245m site.

Table 6.6 : The volume (mm3) of Elachertus olivaceus pupae in different
brood sizes and on hosts at different stages of development

at 15m and 245m, calculated by substituting the values of

mean pupal length, given in Table 6.2, into equation (6.4) ‘

15m 245m
Brood size Developmental stage Developmental stage
(pupae per of host of host
host) Without case With case Without case With case
1 0.291 0. 306 0.177 0.284
2 0.270 0.243 0.071 0.180
3 0.302 0.209
4 0.171 0.096

5 0.119
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6.3d Conclusions

It is usual for parasitic chalcids to paralyse their hosts
before oviposition. This prevents the eggs from being dislodged or
damaged and stops the host body from decaying before it is finally
killed (Askew 1971). This is the case for Elachertus olivaceus, and
consequently the size of the host at the time of oviposition determines
the amount of food available to the parasitoid larvae.

The ovipositing female is able to regulate, to some extent,
the number of eggs that she lays on a host in relation to its size
(ox perhaps its situation). The majority of Colecphora alticolella
larvac attacked before case production can only support one Elachertus
olivaceus larva, but the large, older hosts can sustain up to five of
these parasitoids. Although there is no evidence for intraspecific
competition causing the mortality of supernumaries, where it does occur,
the limitations of the food supply result in the E. olivaceus pupating
at a smaller size.

At the lower of the two altitudes, the E. olivaceus pupae were
of maximum mean length and not restricted by the food supply, either on
small hosts with one or two per brood, or on large hosts until there were
four per brood. In comparison, at 245m the maximum mean length was only
attained by single individuals on the larger of the two host types.

Here the pupae on younger, smaller hosts were significantly shorter than
those that had fed on the bigger hosts, as were the pupae in large broods
compared with solitary pupae on either host type.

The volume of the pupae is related to their length. The pupal
volume, calculated from the mean pupal length of E. olivaceus on the
different categories of host, shows that there can be a four-fold

difference in the size of pupae, depending on the brood size and host age.




The pupae of Elachertus olivaceus on the different categories
of host were consistently smaller at 245m than their counterparts at
15m, It will be shown in Section 6.10 that there was no real difference
between the first recorded date of parasiziation of Coleophora alticolella
by Flachertus olivaceus at the two altitudes. Consequently, due to
the progressive delay in the development of Coleophora alticolella with
increasing altitude, host larvae will be smaller at 245m than at 15m
on any given date. Thus the food supply at the higher altitude is,
on average, less than at the lower site. This results in the parasitoids
pupating at a smaller size at 245m.

I suggest that C. alticolella larvae inside the seed capsules
are parasitized by the first generation of Flachertus olivaceus each
year, The progeny emerge later that same summer, when the remaining
hosts have produced cases. The second generation then develops on
the larger hosts, which are able to support larger broods. There will,
of course, be some overlap between the two generations, but by the end
of the summer the majority of the E. olivaceus that were feeding on
the younger hosts will have emerged, leaving only those on fourth instar
larvae. This may have led to the misinterpretation of the parasitoid's

life-cycle by previous authors.
6.4 Scambus brevicornis

Scambus brevicornis was the most widely distributed of the
Coleophora alticolella parasitoids. It is highly polyphagic;
Aubert (1969) gives a list of 23 host species from eight families of
Lepidoptera, not including C. alticolella.

Stuart (1957) has given an account of the biology of this
species, with reference to it as a parasitoid of the diamond back moth,

Plutella xylostella (L.). He found that at 20°C the developmental
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pericd from egg to emergence was about 16 days, followed by some seven
to ten days for the maturation of eggs before oviposition, When
parasitizing Coleophora alticolella in the field, the developmental
period was much longer because it overwintered as a larva. Despite
not pupating until the spring, they could be induced to emerge earlier
if brought into the warmer conditions of the laboratory.

Scambus brevicornis is an ectoparasite, and virtuélly all of
the Coleophora alticolella larvae attacked by this species were fourth
instars. The larva of this parasitoid was usually found with the
remains of its host inside the C. alticolella larval case; this it
would use as a template for its own cocoon, which is spun inside.

Female Scambus brevicornis were observed ovipositing on
Coleophora alticolella larvae in the field in late August and September.
The host searching behaviour was similar to that described by Stuart
(1957), but they were never seen to pierce the larval case with the
ovipositor, as they did when parasitizing Plutella Xylostella.

The ovipositor was usually inserted through holes or gaps in the seed
capsule wall, or through other weak points such as the junction between
the larval case and capsule. Occasionally they were seen injecting
the ovipositor between the valves at the apex of the larval case.

When a suitable host had been located it was paralysed and
then the egg was laid. I never found more than one ichneumonid egg
on a parasitized host, although Jordan (1958) reported finding more
than one larva, of which only one survived.

Many female parasitic Hymenoptera eat the body fluids of
some of their hosts, during adult life; this has been shown to speed
up or ensure the maturation of the eggs (Askew 1971). Scambus
brevicornis is no exception, and during this study adult females were
seen eating Coleophora alticolella larvae. They usually attacked the

larvae that were inside the thin, newly constructed cases. These
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would be torn open with the mandibles and the prey partially removed,
often with the ovipositor being used as a lever. The body fluids
would then be eaten, leaving the empty larval skin and chitinous

head~capsule.

6.5 Euderus viridis

Euderus viridis was another common parasitoid of Coleophora
alticolella. Only one individual was found per parasitized host;
it attacked early in the season and was found on second or third instars.
The larvae of this parasitoid were always inside the seed capsule and
only rarely had their hosts started to produce cases. There was only
one generation per year and the larvae did not pupate until the spring.
Euderus viridis was not observed ovipositing in the field, but adults
were collected by sweep-netting at many of the sites where it was later
found parasitizing Coleophora alticolella.

As well as parasitizing Coleophora species associated with
Juncus, Bou¥ek and Askew (1968) list it as a probable parasitoid of

the moth Glyphypterix cramerella Fabr. and it is also found on Dactylis,
6.6 Pteromalus semotus

Ptercomalus semotus was only found infrequently. It is
polypﬁagic; a list of other hosts has been given by Graham (1969) in
his description of the species. P. semotus has been recorded from
other species of Coleophora, for example from C. serratella by Gepp (1975),
and its life-history on C. frischella L. has been described by Delucchi
and Verbeke (1953). It is a solitary parasitoid of C. alticolella
and usually attacks this host after case production.

Graham (1969) has recorded that Pteromalus semotus 1s sometimes

hyperparasitic and I have reared it from Scambus brevicornis larvae
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inside Coleophora alticolella cases. Adults were swept from some

of the sample sites, but none was observed ovipositing.
6.7 Gelis sp.

These were solitary parasitoids énd the larvae are probably
ectophagous. Although they do not pupate until the spring, they
could be easily identified in the late summer because at that time the
fully grown larva spins a dark grey or black cocoon inside the
Coleogphora alticolella case.

Gelis sp. was a much commoner parasitoid of Coleophora
feeding on Juncus effusus and J. conglomeratus than on nearby
J. sguarrosus. This may have been due to a difference in the method
cof search by the females; being apterous, they are unable to fly
between the widely dispersed J., squarrosus inflorescences. They
probably aggregate on the large clumps of the other two rush species

because here they can walk between the closer groups of flowers.

Two other parasitoids were found to attack Coleophora larvae
feeding on Juncus effusus and J. conglomeratus; they were both eulophids:
Dicladocerus westwoodii Westw. and Miotropis unipuncta Nees. Neither
of these species were recorded from samples of Juncus squarrosus.

A more detailed investigation into the parasitization of Coleophora
alticolella on its different food-plants would provide more information
on the subject of avoidance of competition among parasitic insects

attacking the same host species.
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6.8 Hyperparasitization by Tetrastichus endemus

Tetrastichus endemus is a solitary endophagous parasitoid

of the eulophid Elachertus olivaceus. It was observed as a larva inside

the pupa of its host. It pupates and emerges in the spring, leaving

its host pupa by a hole in the 'tail-end'. There appears to be only
one generation per year on E, olivaceus, and it was only found in the
early pupae, inside the seed capsules.

Hyperparasitization by Tetrastichus endemus was

only recorded at the lowest sample site. Very few of these hyper-

parasitoids were found during 1977, but many more in 1978. The

percentage parasitization, given in Table 6.7, has been calculated

using the number of first generation E. olivaceus pupae present (i.e.

those inside seed capsules), plus those that had emerged. The number

of potential hosts that had escaped parasitization and emerged could

be assessed by the cast pupal skins with the remains of parasitized

Coleophora alticolella larvae, inside the seed capsules. These values

are from samples of 30 inflorescences gathered in November 1977 and

50 inflorescences in November 1978. The percentage hyperparasitization

was about three times higher in 1978 than in the previous year.

Table 6.7 : The number of first generation Elachertus olivaceus pupae
present inside seed capsules and the number that had emerged,
with the number that had been parasitized by Tetrastichus
endemus, In the samples taken at Drigg in November 1977 and

1978. The percentage of the total first generation parasitized

i1s also given.

1977 1978
E. olivaceus pupae present 4 28
E. olivaceus emerged 8 7
Number parasitized by T. endemus 2 21

% parasitization 17 60
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The density of Juncus squarrosus inflorescences was appreciably
lower in 1978 than in 1977, Table 6.8 shows the density of Flachertus
olivaceus inside the seed capsules (live plus parasitized and emerged)
and those inside the Coleophora alticolella cases, as well as the density

: 2
of Tetrastichus endemus; the values are given as number per m .

Table 6.8 : The number of Elachertus olivaceus inside seed capsules
and inside host larval cases, with the number of the
hyperparasitoid Tetrastichus endemus, from samples of
Juncus squarrosus taken at Drigg in November 1977 and 1978.
The densities are also given as the number per m2,

calculated from the density of inflorescences

1977 1978
Number in Density Number in Density
- 1 -

sample (m % sample (m %
J. squarrosus
inflorescences 30 157 50 38
E. olivaceus
inside seed capsules
{generation I) 12 63 35 27
E. olivaceus
pupae inside host cases
(generation II) 25 131 11 - 8
T. endemus 2 10 21 16

The density per m2 of the FElachertus oclivaceus inside the seed
capsules was lower in 1978 than in the previous year, but the density of
Tetrastichus endemus was slightly higher. The high incidence of
parasitization of the first generation of Elachertus olivaceus in 1978

resulted in a much lower density of the second generation (those inside
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Coleophora alticolella cases). As Table 6.8 shows, there were more
than sixteen times as many Elachertus olivaceus pupae per sguare metre

inside the hest cases in 1977 than in 1978.
6.9 The parasitoid sex-ratios

Female Hymenoptera are generally produced from fertilized
eggs and are diploid, whereas males develop from unfertilized haploid
eggs; this reproductive system is termed arrhenotokous parthenogenesis
(Askew 1971). Thelytokous parthenogenesis is an alternative mechanism
in which females develop from unfertilized diploid eggs and males are
usually absent or rare. These reproductive systems allow considerable
modification of the sex-ratio, which may be highly variable under
different envirommental conditions (Clausen 1939; Flanders 1962).

The sex-ratios of the adult parasitoids bred from Coleophora
alticolella larvae are shown in Table 6.9. These differ greatly between
species, from virtually all males of Scambus brevicornis to almost
totally females of Flachertus olivaceus. There were significantly
more females of Euderus viridis than would be expected from a l:1 sex-
ratio (xi = 5,252, P < 0.05). The other three species did not show

significant deviations from the unity sex-ratio.

Table 6.9 : The sex-ratios of adult parasitic Hymenoptera reared

from Coleophora alticolella larvae

Females Males % Females

Scambus brevicornis 8 245 3.2
Elachertus olivaceus le68 1 99.4
Euderus viridis 72 47 60.5
Pteromalus semotus 7 12 36.8
Gelis sp. 10 7 58.8

(=

Gonotypus melanostoma 1 50.0
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Scambus brevicornis is biparental. Morley (1908) recorded
that females were very common throughout northern and central Europe
but that males were scarce. However, both Thorpe (1930) and Stuart
(1957) found males to be in the majority when S. brevicornis was bred
from the pine-shoot moth (Rhyacionia buoliana Schiff.) and the diamond
back moth.

Male Scambus brevicornis were predominant in the samples of
parasitized Coleophora alticolella larvae, but only females were
collected by sweep-netting. The females ovipositing on C. alticolella
in the field were very large in comparison with the males and the few
females that were reared from the samples. Table 6.10 gives mean
values for the wing and ovipositor lengths of these two groups of
females and also the mean wing lengths of the males.

The wings and ovipositors of females laying eggs on Coleophora
alticolella were both significantly longer (P < 0.00l) than of the
females bred from this host. These larger females must have
developed on different host species. During July and August, female
Scambus brevicornis were observed searching and probing with their
ovipositors into the flower-heads of the thistles Cirsium palustre (L.)
Scop. and C. arvense (L.) Scop., growing near to the stands of Juncus
squarrosus. However, parasitoids were not successfully reared from
samples of these thistles.

Chewyruev (1913) and Arthur and Wylie (1959) found that,
in experiments on ichneumonids of the sub-~family Pimplinae, females
were in the majority when bred from large hosts, but that males
predominated from small hosts. This disparity in the sex-ratios has
been attributed to selective oviposition by the females. Flanders (1939)

has shown that the ovipositing female is able to control the fertilization




Table 6.10

: The mean wing length and ovipositor length of female Scambus brevicornis collected from
Juncus squarrosus in September and of those bred from Coleophora alticolella, with the
mean wing length of males also bred from this host
Females collected from Females reared from Males reared from
Juncus squarrosus Coleophora alticolella Coleophora alticolella
in September larvae larvae
Ovipositor Wing Ovipositor Wing Wing
length (mm) length (mm) length (mm) length (mm) length (mm)
3.97 5.87 2.44 3.90 3.49
0.13 0.23 0.25 . 0.24 0.23
4 4 5 5 10

XA
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of the eggs, and thus govern the sex of her offspriné° He suggests
that an environmental stimulus, host size for example, could cause
the release and activation of sperm from the spermatheca; hence
fertilizing the egg if it is being laid on a host suitable for the
development of a female. Therefore the sex-ratio of the next generation

will be determined by the proportions of large and small hosts available
for oviposition.

It seems likely that Scambus brevicornis lays mostly
unfertilized eggs on Coleophora alticolella because this host does not
provide sufficient food to allow the females to grow to maximum size.

It was not possible to calculate the sex-ratio for the whole population
of this species because the alternative hosts were not found.

Elachertus olivaceus will oviposit and develop on Coleophora
alticolella larvae in the laboratory. Several generations of this
parasitoid were reared during the study, and it was evident that this
species can reproduce parthenogenetically. Uniparental bisexuality
does occur, with males as well as females being produced by unfertilized
females. The males of Elachertus olivaceus are very rare (Askew 1964);
only one was found from a total of 169 individuals bred from samples
taken from the field during this study. However, in the laboratory
cultures, a higher percentage of males was produced (11.6% of a total
of 129).

Flanders (1945) noted that changes of the sex-ratio of
uniparental species are often correlated with the type of habitat or
the season in which the previous generation developed. For example,
males of Encarsia formosa Gahan, a parasitoid of the greenhouse whitefly
Trialeurodies vaporium (Westw.), appear in the autumn, being progeny
of females that developed during the warm summer. Cyclical partheno-

genesis (heterogony), resulting in alternating sexually and asexually
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reproducing generations in different seasons, is well-documented for
other groups of animals {(White 1977); it occurs in many Hymenoptera
and is perhaps best-known in the gall-wasps (Cynipidae) (e.g. Cameron
1903) .

The higher percentage of male Elachertus olivaceus may have
occurred in the laboratory cultures because the females developed in
warm conditions. The collection of this species from locations with
summer temperatures higher than in northern England would show if males
are produced in the field as a result of the thermal history of the

parental females.
6.10 The phenology of parasitoid attack

For this investigation, samples of twenty Juncus squarrosus
inflorescences were collected from 15m and 245m each week. These samples
were usually collected on consecutive days at the two sites, first at
15m, then 245m. The inflorescences were placed into ventilated containers
and cultured in the laboratory. The adult parasitoids were removed
socn after they had emerged, to prevent further parasitization of
remaining hosts, By this method it was possible to record the week in
which each species of parasitoid first attacked the Coleophora alticolella
larvae. Only the three commonest species were analysed in this way.

The results are given in Table 6.11.

The difference of one day between the samples in which Elachertus
olivaceus was first recorded at the two sites is due to sampling on
consecutive dates. In 1978 they were first recorded from samples téken
at a later date than in 1977, This difference between years was, however,
the same as the time between samples, so the real difference between

years may have been less than the seven days indicated by this method.
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Table 6.11 : The sample date on which three species of parasitoid
were first recorded from Coleophora alticolella at

two sites in 1977 and 1978

15m 245m

1977 1978 1977 1978
Elachertus
olivaceus 3 Aug 10 Aug 4 Aug 11 Aug
Euderus ‘
viridis 26 July 29 July 11 Aug 9 Sept
Scambus
brevicornis 17 Aug 8 Sept 9 Sept 25 Sept

Adult E. olivaceus were taken in sweep-net samples at all sites up to
and including 305m on 11 August in 1978; a further indication that
there was no appreciable delay at the higher altitudes.

Euderus viridis occurred earlier at the 15m site than at
245m in both years. There was little difference between years at 15m,
but at 245m it was first recorded almost a month later in the second
year., E. viridis first attacked the hosts earlier than Elachertus
olivaceus at 15m, but later at the higher altitude.

Scambus brevicornis was about three weeks earlier at the lower
sample site and also about three weeks later in 1978 than in 1977.
Its first occurrence was always later than that of the two eulophids.
This is expected because S. brevicornis attacked the larvae with cases
whereas the two eulophids were found on younger hosts.

The appearance of the different parasitoids in the samples
of Coleophora alticolella need not necessarily be correlated with their
emergence in the field. They may have been present at an earlier date
but not detected because they were unable to attack the much younger

host larvae.
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There was a delay of three to four weeks between the production
of the first larval cases and the first records of Scambus brevicornis,
whnich indjcated that this parasitoid was not limited by first appearance
of the susceptible stage. Whether this was due to the female
S. brevicornis emerging later than Coleophora alticolella case production,
or to the utilization of alternative hosts until the start of attack,
is not known.

Host-parasitoid synchrony is more important for monophagous
or oligophagous species than for those with a wider host range (Hassell
1976) . The polyphagous species, such as Scambus brevicornis, can be
more opportunistic, ovipositing on whatever is abundant at the time.

On the other hand, the two eulophids have a very limited host range,
probabliy relying entirely on Coleophora alticolella in the study areas.
Parasitization by Euderus viridis was delayed at the higher of the two
altitudes, However, there was no such delay for Elachertus olivaceus
and this slight asynchrony resulted in the production of smaller progeny

at the higher altitude.

6.11 Parasitization of Coleophora alticolella larvae in relation

to altitude

The parasitization of Coleophora alticolella can be considered
in two phases. Some of the larvae are attacked whilst still inside
the seed capsules, before case production. This occurs from the
beginning of August and most of these parasitized larvae are of the
third instar. The second phase of attack is later in the larval
development, when they are parasitized after they have produced their
cases and are mainly of the larger fourth instar. These two phases

are not entirely separated, for the host population as a whole, because
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larval cases are produced over a period of several weeks, so both
young and old host larvae will be present at the same time for much
of the summer.

Table 6.12 shows the number of parasitized Coleophora alticolella
larvae found in samples taken in early November 1977, The data are
separated according to the two age-classes of host larva and are expressed

as the number of parasitized C. alticolella larvae per 1000 seed capsules

Table 6.12 : The number of parasitized Coleophora alticolella larvée
per 1000 seed capsules of Juncus squarrosus at different
altitudes in November 1977. Values for the number |
attacked before and after case production are given

separately (5 November at 15m; 6 November, Little Dun Fell)

Total number of

Parasitized larvae Parasitized larvae parasitized larvae
per 1000 seed per 1000 seed in each
Altitude capsules capsules sample

(m} (without cases) (with cases)

15 27.2 41.5 48
215 16.0 182.6 87
245 13.0 97.5 93
275 4.1 43.6 47
305 0.0 32.6 28
335 0.0 7.0 5
365 0.0 6.6 4
395 0.0 4.1 1
455 0.0 0.0 o)

of Juncus squarrosus. The number of parasitized larvae in both

situations shows an overall decrease with increasing altitude,
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although there were fewer parasitized larvae with cases at the 15m site
than at the first three sites on Little Dun Fell. There was alwayé a
higher proportion of the older host larvae parasitized than the ones
before case production at each altitude. Parasitized larvae were not
found inside seed capsules above 275m, whereas some of the older hosts
were found to be parasitized as high as 395m.

In November 1978, samples of Juncus squarrosus were collected
from more sites than in the previous year. The data from these samples
(Table 6.13) also show that there is a reduction in the number of larvae
parasitized, with increasing altitude. However, in 1978, parasitized
larvae inside seed capsules were recorded at 305m, 30m higher than in
the previous year, but parasitized larvae inside host cases did not occur
above 365m. In addition, at 15m, 2{5m and 290m, the greater proportion
of the parasitoids were found on the younger host larvae. The occurrence
of parasitized larvae inside seed capsules at the higher altitudes may
have been due to the delayed case production by the larvae in 1978.

Parasitization is expressed as a percentage of the number of
Coleophora alticolella larvae present in Augqust; that is, near to the
beginning of the parasitization period. The percentage has been
calculated from the total number of parasitized larvae present per seed
capsule (including those that had emerged) in the November samples;

i.e, at the end of the parasitization period. This can be summarized

by the formula

Parasitized larvae per seed capsule in November
Larvae per seed capsule in Auqust

=)

% Parasitized =

x 100

The densities of larvae per seed capsule in August are those used in

Section 5.2, and are given in Appendix 5.
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Table 6.13 : The number of parasitized Coleophora alticolella
larvae per 1000 seed capsules of Juncus squarrosus,
at different altitudes in November 1978. Values
for the numbers parasitized before and after case
production are given separately. (Sample dates:

Little Dun Fell, 7 Nov; 15m, 8 Nov.)

Total number of

Parasitized larvae Parasitized larvae  parasitized larvae
per 1000 seed per 1000 seed in each
BAltitude capsules capsules sample

(m) (without cases) (with cases)

15 119.7 50.2 193
215 72.1 31.2 53
245 48.3 75.7 137
260 33.6 38.4 49
275 16.6 39.5 89
290 27.3 11.7 30
305 0.6 16.3 29
335 0.0 2.6 5
350 0.0 0.0 0
365 0.0 0.6 1
395 0.0 0,0 0]
455 0.0 0.0 0]
520 0.0 0.0 0

Larval densities were measured at only a few sites in the
August of 1977, but over the complete altitude range in August 1978,
Table 6.14 shows the percentages of larvae parasitized at the major
sample sites in both 1977 and 1978. The complete range of values
for the percentage parasitization at the different altitudes in 1978

are shown in Figure 6.2.
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Table 6.14 : The percentage of Coleophora alticolella larvae
parasitized at the major sample sites in 1977
and 1978
Altitude % Parasitized
(m) 1977 1978
15 46.1 6l.1
245 18.0 21.0
335 1.8 0.3
385 1.4 0.0
455 0.0 0.0
520 0.0 0.0
Table 6.14 shows that there was a dramatic reduction in
parasitization with increasing altitude. Although parasitization
at 15m was lower in 1977, there was little difference between the two
years on the Little Dun Fell transect. Parasitization was also high
at the 215m site in 1978 (Figure 6.2). This figure shows that the
precipitous reduction of parasitization started around this altitude,
falling from 51% to 2% Qith a 90m increase in altitude. The sites
on the lower slopes of Little Dun Fell were close together, the 215m
and 305m sites being separated by a distance of only 4km.
Both Jordan (1962) and Reay (1959) found that there was a
reduction in the incidence of parasitization of C. alticolella with
increasing altitude along this transect. In 1953 for example, Jordan

recorded parasitization of 31.8% and 31.3% at 198m and 228m respectively,

but found that only 7.6% were parasitized at 320m.




Figure 6.2 : The percentage parasitization of Coleophora
alticolella larvae plotted against altitude,

for samples taken in early November 1978
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Table 6.15 gives different measurements of the density of
host larvae at three sites, and shows that the number of larvae per
m2 was highly variable, both between years and between sites, but
that this was not related to the percentage parasitization. On a
micro-scale, larvae per inflorescence or per seed capsule was generally
higher at the higher sites than at Drigg. There is insufficient data
from any one site to tell if the percentage parasitization is directly
related to host density or whether it acts as a delayed density
dependent factor. However, it is clear from this data and the evidence
of previous authors that the reduction in parasitization with increasing
altitude is not directly related to the changes in host density along

the transect.
6.12 The diversity of the parasitoid guild in relation to altitude

Not all of these natural enemies were recorded parasitizing
Coleophora alticolella larvae at each site. Table 6.16 shows that
the number of different species bred from the host larvae is reduced
with increasing altitude.

The species that was found attacking C. alticolella furthest
up the transect was the largest of the parasitoids, the ichneumon
Scambus brevicornis; this was recorded from Coleophora alticolella at
395m in 1977 and 365m in 1978. Elachertus olivaceus was the chalcid
with the greatest altitudinal range, as it was bred from host larvae
collected at 305m in both years. This was closely followed by Euderus
viridis, whose upper limit was 290m in 1978. Pteromalus semotus and
Gelis sp. were occasionally found at 275m and below, but Gonotypus
melanostoma and the hyperparasitoid Tetrastichus endemus were only

recorded at the lowest sample site.




Table 6.15 : The percentage parasitization of Coleophora alticelella larvae, at three altitudes in

1977 and 1978, in relation to different measurements of larval density in August

Altitude Year Larvae Larvae per Larvae per %

{m) per m? inflorescence seed capsule parasitization

15 1877 566 2.70 0.149 46.1
1978 241 4.00 0.278 6l.1

245 1977 482 8.17 0.614 18.0
1978 174 7,10 0.592 21,0

335 1977 335 4,31 0,356 1.8
1978 602 6.13 0.807 0,3

LET
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Table 6.16 was constructed on a presence or absence basis
for the natural enemies and as such gives equal weight to all species.
Although this gives some indication of the species diversity, it does
not show the relative proportions of the different species at each
of the sites. The percentages of each component species in the guild
of Coleophora alticolella larval parasitoids, from the November samples,
are shown as histograms in Figure 6.3a for 1977 and Figure 6.3b for
1978. They do not include the incidence of the hyperparasitoid, which
has been discussed elsewhere.

Apart from the reduction in the number of species of parasitoid
with increasing altitude, the main feature shown by these figures is
the increase in the dominance of Scambus brevicornis at the higher
altitudes. Obvicusly it represents 100% of the species composition
when it is the only parasitoid present, but at altitudes where other
species were recorded it was often the most numerous. This dominance
by §. brevicornis was particularly noticeable in 1977, whereas in 1978
some of the other species were more frequent on the Little Dun Fell
transect. Despite the dominance of S. brevicornis at high altitudes,
its density 1is lower at these sites.

S. brevicornis accounted for less than 30% of the parasitized
hosts at 15m in both years, FEuderus viridis being the dominant member
of the guild at this site, Elachertus olivaceus was the commoner of
the two eulophids at most of the sites on Little Dun Fell and contributed
to over 50% of the total Coleophora alticolella parasitized at 215m in
1978. The two remaining species, shown on these graphs, contributed
little to the total parasitization even at the lowest altitude.
Gonotypus melanostoma is not shown in these figures as it was absent

from the November samples.




Figure 6.3

The composition of the parasitoid guild
at different altitudes in (a) 1977 and
(b) 1978. The contribution made by each
species is shown as a percentage of the
total parasitized Colecphora alticolella

larvae.
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The eulophids were more sensitive to the harsher conditions
at the higher altitude than was Scambus brevicornis. This was responsible
for the decrease in the proportion of parasitized larvae found inside
seed capsules compared with those in cases (Tables 6.12 and 6.13) and
finally resulted in only the older hosts being attacked towards the

upper limit of parasitoid distribution.

6.13 A summary of the relationships between Coleophora alticolella

and its larval parasitoids

A summary diagram of the relationships between the parasitoids
and their host is shown in Figure 6.4. This has been constructed from
data for the 15m sample site, where the food-~web was most complex.

The thickness of each arrow for the primary parasitoids ranks their
abundance in 1978. Gonotypus melanostoma 1is shown with a broken arrow
as it was only recorded‘in 1977, The link between Pteromalus semotus
and Scambus brevicornis is also shown as a broken line because this was
a very infrequent relationship, being recorded on only three occasions

during the whole study.
6.14 Discussion

Parasitic Hymenoptera and Diptera are under-represented in
the insect faunas of moorlands (Coulson and Whittaker 1978). Whittaker
(1965, 1971) found that the parasitoids of the spittle bug Neophilaenus
lineatus (L.) were absent from Moor House but were present in a low
altitude population in southern England. The absence of parasitoids
of other insects on moorlands has been demonstrated at Moor House; e.g.
the tipulid Molophilus ater {(Hadley 1971) and the carabid beetles
(Houston 1970) were never attacked by these natural enemies. If it

does occur, parasitization is at a low level; e.g. the dipteran




Figure 6.4 : The relationships between Coleophora alticolella
and its larval parasitoids based on data |

from the 15m sample site. |
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Siphona genticulata (Degeer) attacking the larvae of the crane fly
Tipula subnodicornis Zett. (Coulson 1962) or the eulophid Tetrastichus
actis (Walker) parasitizing the heather psyllid Strophingia ericae
(Curtis) (Hodkinson 1973).

Similar altitudinal effects have been found in Scandinavia.
Studies of the invertebrate fauna on the branches of birch showed a
reduction in the proportion of predators and parasitoids with increasing
altitude (Hagvar 1976), and in alpine habitats in southern Norway the
chrysomellid beetle Melasoma collaris L. was never attacked by
parasitoids (Higvar 1975).

Although the searching and oviposition rates of parasitic
Hymenoptera are reduced at low temperatures (e.g. Burnett 1951, 1954;
Boldt 1974), these observed reductions of parasitization at high altitude
cannot bz entirely attributable to cooler conditions. The parasitization
of Coleophora alticolella was reduced from over 50% to less than 2%
with an altitudinal increase of only 90 metres; this is equivalent to
a fall in temperature of only 1°c. Temperature is only one of many
climatic variables. Other effects of weather con&itions on parasitoids
have been reported; for example, rain and heavy dew cause reductions
in oviposition (Burnett 1954, 1956), flight activity is reduced in windy
conditions (Juillet 1960, 1964) and humidity can affect searching rates
(Boldt 1974). During this research it was noted that the ichneumon
Scambus brevicornis stopped searching and ovipositing when it rained.
These effects of weather are severe limitations in upland areas like
the Pennines, where there is much rain and it is frequently misty.

In addition, there is little shelter from the high winds which blow
over the moors.

Other factors, apart from the effects of climate on searching

efficiency, will reduce the parasitoids’' rates of increase. Synchrony
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with the host is important if a parasitoid has a short adult life or
if it can only attack at a particular stage of host development.
The start of attack by Elachertus olivaceus was not delayed with
increasing altitude and it was able to parasitize some of the small
hosts even at the higher sites. However, the accessibility of the
younger larvae may have been a limiting factor. At the low altitudes
the relatively larger third instars will occupy more space inside the
seed capsules and will, therefore, be closer to the pericarp, through
which the adult parasitoid oviposits. At the higher sites the same
instar will, on average, be smaller and more difficult to locate among
the seeds. This problem is not solved entirely by delaying the time
of attack at the higher altitudes, as Scambus brevicornis does. The
preferred stage of host may be more abundant later in the year, but
this is also when the conditions are less favourable, with cooler and
wetter weather, and also shorter day length, which together reduce the
searching efficiency. The effects of the approaching winter will,
of course, be more noticeable and relatively earlier at higher altitudes.
As a consequence of the lack of synchrony with its host,
the Flachertus olivaceus were smaller at the higher site. This reduction
of body size could result in a lower fecundity, reduced powers of
dispersal and a shorter adult life.
Host parasitoid synchrony will be more important for the

oligophagous species, which probably relied entirely on Coleophora

alticolella on Little Dun Fell, Scambus brevicornis is polyphagous'
and may have other generations on a variety of hosts. Indeed, this
parasitoid must use other hosts for the production of females, If

these alternatives are absent from a site, the use of Coleophora

alticolella as a host may be prevented. The diversity of invertebrate
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species is reduced with increasing altitude (H&gvar 1976; Coulson
and Whittaker 1978; Coulson and Butterfield, pers. comm.).
Consequently, despite the abundance of Coleophora alticolella, the
alternative hosts on which Scambus brevicornis depends for its summer
generation and, more importantly, for the production of females, may
be scarce at the higher altitudes. It is possible that the large
alternative hosts were absent altogether from the higher sites. If
this were the case, the parasitization of Coleophora alticolella could
be entirely due to the immigration of a few females. (They could be
easily blown up the hillside as no great distance is involved.) They
would lay unfertilized eggs on the small hosts and only males would
emerge the following year. Extinction of the parasitoid would then
follow until the next influx of females.

The complexity of the parasitoid guild is reduced undex
harsher climatic conditions, with the hyperparasitoid being the first
to drop out. Coulson and Whittaker (1978) have noted that the virtual
absence of top predators, to which obligate hyperparasitoids are
analogous, results in the simplified food chains characteristic of
moorlands. The parasitoids with the greater host specificity were
dominant in the areas with the more stable climatic conditions, whereas
the opportunistic polyphage penetrated to the higher altitudes.

Zw8lfer (197L1) has suggested that in order to co-exist,
competing parasitoids may counter-balance the efficiency of exploiting
the host population (by better searching abilities or higher reproductive
capacities) against improved competitive abilities in direct interactions
(by successful hyperparasitism for example). He illustrated this theory
of 'counter-balanced competition' with several examples, including the
parasitoid complex of the Furopean pine sawfly (Neodiprion serfiter

Geoffr.).
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Similar conclusions about competition among parasitoids were
being drawn in America (Force 1970). Here they were later viewed
within the framework of r- and K- selection, as proposed by MacArthur
and Wilson (1967) and further elaborated by Pianka (1970). Force
(L972, 1974) compared four parasitoids of the cecidomyiid gall midge
Rhopalomyia californica Felt, and found that their reproductive
capacities were inversely related to‘their competitive abilities.

He was able to order them along an r - K continuum, and showed that
the least competitive (r-selected) was commonest in the earliest stages
of succession and where environmental conditions were severest.

Price (1973) contributed further to this type of analysis
with his studies on the parasitoids of the sawfly Neodiprion swaineli
Midd. He showed that the r-strategists predominated towards the edges
of the host range. They were also found in newly colonised areas,
from where they were displaced by the competitively superior K-selected
species, as succession continued.

Price (1970, 1971, 1973) showed that the better competitors
were those that attacked the cocoons of the sawfly; they were often
hyperparasitic through the enemies of the host larvae. The parasitoids
that attacked the larvae had the higher reproductive rates. It is not
always the case that the later attacking species are better competitors,
They may not be able to attack a host that has been previously
parasitized (Force 1970). This will result in a lowering of the density
of hosts available to these later species, causing a reduction in their
rate of increase (Beddington et al. 1976; Bassell 1978).

There are limitations to this type of analysis as it is not
always possible to compare parasitoids of different families (Barbosa
1977) and the intensity of competition may change, depending upon the

trait under consideration (Force 19753). However, the three commonest




parasitoids of Coleophora alticolella can be seen to differ in their
competitive abilities. The eulophids attack the young host larvae.
This prevents case production and therefore reduces the density of
available hosts for Scambus brevicornis. On the other hand,

S. hrevicornis can tolerate a wider range of environmental conditions
and has a greater range of hosts than its competitors. Elachertus
olivaceus can produce more progeny per individual host than Euderus

viridis and it has two generations per year on Coleophora alticolella.
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CHAPTER 7
POPULATION STUDIES ON COLECOPHORA ALTICOLELLA
7.1 Introduction

In the previous chapters data were presented on the amount
of food available to the Coleophora alticolella larvae, the density of
their eggs and larvae, and the effects of parasitization. This chapter
1s a synthesis of these data in the form of age-specific life~tables for
the moth population at different altitudes.

The analysis of life-tables can reveal the causes of
fluctuvations in animal numbers and the limits between which these
fluctuations occur. This is achieved by the identification of the
key factors responsible for population change and the appraisal of
density-dependent factors responsible for population regulation (e.g.
Varley, Gradwell and Hassell 1973).

Southwood (1966) has pointed out that data from different areas
should be analysed separately, as the level of the population and the
roles of different factors may vary from locality to locality. In this
chapter, the analysis of life-tables for Coleophora alticolella shows
that the morxtality factors vaxy with altitude and that different factors
could play a key role in determining population change in different parts

of the altitudinal range.
7.2 The life-=tables

The life-tebles for Coleophora alticolella at six sites of
different altitudes are presented in Table 7-la-f. They cover the period
from eggs in 1977 to larvae in seed capsules in 1979, which is a little

over two generations. Data have been based on the number of each stage
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present per sced capsule, and then converted to the density per square
metre to enable comparisons between years.

The data foxr the 1978 season axe the most complete and have
peen used as a framework for the calculation of some of the walues in
other years; the values that were measured directly are indicated.

The density of larvae was measured at all of the sites in the August
of each year (Section 5.2 and Appendix 5). These values have been used
as the starting point for the rest of the calculations.

The values for the k-factors have been calculated in the usual

way by the formula

= 1 N, -1 N,
ki °9 1 ©9 i+l

where Ni is the density of Coleophora alticolella before a mortality

factor and Ni+ is the density after that factor has acted; common

1

logarithms have been used throughout.
a. Eggs

The number of eggs laid at each site was measured in 1978 and
the resulting larval densities showed that survival, from the egg stage
to establishment inside the seed capsules, was mainly dependent on seed
capsule development. The calculations in Chapter 5 showed that the
survival rate in 1978 was approximately 80% of the proportion of florets
developing into seed capsules. To calculate the density of eggs laid in
1977 and 1979 it has been assumed that survival was similarly related to
seed capsule production. The survival rate is therefore calculated from
the formula

S = 0.8R

where S is the proportion of C. alticolella surviving to establishment

inside the seed capsules and R is the propoxrtion of florets developing




Table 7.1 3 Life tables for Coleophora alticolella at

a. 15 metres
b. 245 metres
c. 335 metres -
d. 395 metres
e. 455 metres

£f. 520 metres

1 The density per square metre at the start of each staée (x)
d The number dying from different mortality factors

k The mortality in each stage

The values in italics are those measured directly; the rest have

been calculated from these.

An explanation of the terms and the methods of calculation

of the values is given in the text.
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Table 7.la : Life-table for Coleophora alticolella at 15m (numbers per m2)
Stage Mortality I d k
x X
(x)
1977
Eggs 762
Seed capsule
failure 196 0.129
Larvae established
in seed capsules 566
Grazing o] 0.000
Parasitoids 103 0.087
Dead in capsule 164 0.190
Larvae with
cases 299
Parasitoids 158 0.326
Dead in case 11 0.035
Grazing ) 0,000
Larvae migrating .
to leaf-litter 130
Potential eggs 5850
1978 Egg shortfall 5548 1.287
Eggs 302
Seed capsule
failure 57 0.091
Larvae established
in seed capsules 245
Grazing 4 0.007
Parasitoids 104 0.245
Dead in capsule 70 0,311
Larvae with
cases 67
Parasitoids 44 0.464
Dead in case 5 0.106
Grazing o] 0.000
Larvae migrating
to leaf-litter 18
Potential eggs 810
1979 Egg shortfall 733 1.022
Eggs 77
Seed capsule
failure 25 0.170

Larvae established
in seed capsules 52

Grazing 0 0.000
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Table 7.lb : Life-table for Coleophora alticolella at 245m (numbers per m2)

Stage Mortality 1 d k
x X
1977 (¥
Eggs 838
Seed capsule
failure 272 0.170

Larvac cestablished

in seed capsules 266
Grazing 84 0.070
Parasitoids 10 0.009%
Dead in capsule 130 0.140
Larvae with
cases 342
Parasitoids 77 0.111
Dead in case 56 0.103
Grazing 162 0.648
Larvas migrating
to leaf-litter 47
Potential eggs 2115
1978 Egg shortfall 1700 0.707
Eggs 415
Seed capsule . 129 0.162
failure
Larvae established
in seed capsules 286
Grazing 112 0.216
Parasitoids 14 0.036
Dead in capsule 74 0.270
Larvae in cases 86
Parasitecids 22 0.128
Dead in case 19 0.153
Grazing 14 0.162
Larvae migrating
to leaf-litter 32
Potential eggs 1395
1979 Egg shortfall 1235 0.940
Eggs 160
Seed capsule
failure 38 0.118
Larvae established
in seed capsules 122

‘Grazing 85 0.518
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Table 7.lc : Life-table for Coleophora alticolella at 335m (numbers per m2)

Stage Mortality 1 d k
X X
(x)
1977

Eggs 816
Seed capsule
failure 327 0.222

Larvae established

in seed capsules 489
Grazing 154 0.1l64
Parasitoids 0 0.000
Dead in capsule 115 0.183

Larvae with

cases 220
Parasitoids 6 0.012
Dead in case 4 0.008
Grazing 16 0.034

Larvae migrating

to leaf~litter 194

Potentizl eggs 8730

1278 Egg shortfall 6968 0.685

Eggs 1762
Seed capsule 1160 0.466
failure

Larvae established

in seed capsules 602
Grazing 0 0.000
Parasitoids 0O 0.000
Dead in capsule 259 0.244

Larvae with

cases 343
Parasitoids 2 0.003
Dead in case 3 0.004
Grazing 0 0.000

Larvae migrating

to leaf-litter 338

Potential eggs 15210

1979 Eqg shortfall 14752 1.521

Eggs 458
Seed capsule 143 0,163
failure

Larvae established
in seed capsules 315

Grazing 94 0.154
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Table 7.1d : Life-table for Coleophora alticolella at 395m (numbers per m2)

Stage Mortality lx dx k
(%)
1977
Eggs 834
Seed capsule 490 0.385
failure

Larvae established

in seed capsules 344
Grazing 97 0.144
Parasitoids o 0.000
Dead in capsule 68 0.140

Larvae with

cases 179
Parasitoids 3 0.007
Dead in case 13 0.033
Grazing 36 0.108

Larvae migrating

to leaf-litter 127

Potential eggs 5715

1978 Egg shortfall 5040 0.928

Eggs 675
Seed capsule 482 0.544
failure

Larvae established

in seed capsules 193
Grazing 16 0.038
Parasitoids 0 0.000
Dead in capsule 89 0.303

Larvae with

cases 88
Parasitoids o 0.000
Dead in case 12 0.064
Grazing 2 0.012

Larvae migrating

to leaf-litter 74

Potential eggs 3330

1979 Egg shortfall 3164 1.302

Eggs 166
Seed capsule 6l 0.199
failure

Larvae established
in seed capsules 105

Grazing 51 0.289
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Table 7.l2 : Life-table for Coleophora alticolella at 455m (numbers per m2)
Stage Mortality 1 d k
x X
(x)
1977
Eggs 533
Seed capsule
failure 338 0.437
Larvae established
in seed capsules 195
Grazing 45 0.114
Parasitoids o) 0.000
Dead in capsule 73 0.290
Larvae with
cases 77
Parasitoids 0 0.000
Dead in case 14 0.087
Grazing 7 0.051
Larvae migrating
to leaf-littor 56
Potential eggs 2520
1978 Egg shortfall 1781 0.533
Eggs 739
Seed capsule
failure 611 0.761
Larvae established
in seed capsules 128
Grazing 11 0.039
Parasitoids 0] 0.000
Dead in capsule 70 0.396
Larvae with
cases 47
Parasitoids 0 0.000
Dzad in case 4 0.039
Grazing 10 0.115
Larvae migrating
to leaf-litter 33
Potent.ial eqggs 1485
1979 Egg shortfall 1233 0.770
Eggs 252
Seed capsule . 164 0.475
failure

Larvae established
in seed capsules 88

Grazing 25 0.145
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Table 7.1f : Life-table for Coleophora alticolella at 520m (numbers per m2)
Stage Mortality 1 d k
X X
(x)
1977
Eggs 97
Seed capsule
failure 51 0.324
Larvae established
in seed capsules 46
Grazing 0 0.000
Parasitoids 0 0.000
Dead in capsule 23 0.301
Larvae with
cases 23
Parasitoids o] 0.000
Dead in case 4 0.083
Grazing io 0.325
Larvae migrating
to leaf-litter 9
Potential eggs 405
1978 Egg shortfall 214 0.326
Eggs 191
Seed capsule
failure 160 0.790
Larvae established
in seed capsules 31
Grazing o 0.000
Parasitoids 0 0.000
Dead in capsule 20 0.450
Larvae with
cases 11
Pargsitoids 0 0.000
Dead in case 4 0.196
Grazing 3 0.243
Larvae migrating
to leaf-litter 4
Potential eggs 180
1979 Egg shortfall 111 0.416
Eggs 69
Seed capsule
failure 55 0.693

Laxrvae established
in seed capsules 14

Grazing 1 0,032




into capsules at each site. The density of eggs is then calculated
from the formula
-2 Larvae.m

Eggs.m e
g9 g

b. The first period of grazing

The density of the Juncus squarrosus inflorescences is reduced
by grazing (Section 3.7). The loss of inflorescences during this first
period is the difference between the number produced and the number
remaining in August, when samples were taken to assess the larval densities.
Grazing is assumed to be random with respect to the inflorescences; it
does not affect the survival of the larvae on the remaining inflorescences

but rxeduces their density per square metre,
c. Parasitoids inside the seed capsules

The parasitoids start to attack the Coleophora alticolella
larvae while these hosts are still inside their first seed capsule, but
after the inifial period of grazing. The number attacked at this stage
is given in Section 6.11 and is calculated from the evidence of parasitization

in the November samples.
d. Dead in capsule

This is the residual mortality between the larvae surviving the
first bout of parasitization and the density of larval cases produced.
This failure to produce larval cases was not measured directly and, for
the purposes of the construction of these life-tables, it is assumed to

act after parasitization.
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e. Parasitoids of larvae in cases

Values for the second period of parasitization are also given
in Section 6.11. The number surviving parasitization is calculated as
the difference between the number of cases produced and the number of

these larvae parasitized.
£f. Larvae dead in cases

This mortality is calculated as the difference between the
number of cased larvae per seed capsule that survived parasitization
and the numbexr of larvae per seed capsule that migrated to the leaf
litter at the end of the summer. By considering the numbers per seed
capsule in this way, it is possible to exclude the reduction due to the

second period of grazing.
g. The second period of grazing

As with the first grazing period, this mortality factor only
affects the density per square metre and does not affect the larvae on
the remaining inflorescences. This period of grazing results in the
reduction in the density of inflorescences after August each year; these
data have been discussed in Section 3.7. Although the sheep graze the
inflorescences throughout this period, these calculations assume that this
mortality factor acts after the parasitization of the larvae in their cases

but before they migrate to the leaf litter to overwinter.
h. Potential eggs

The density of potential eggs has been calculated from the

density of larvae migrating at the end of each season. These values
have been multiplied by 0.5 to calculate the density of females, assuming

an equal sex ratio.
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Jordan (1958) found that newly emerged females contained ten
to twenty eggs which appeared ready for immediate oviposition, but that
the ovaries contained many smaller eggs which would mature later. He
estimated that the maximum number of eggs per female was about 90 and
considered that the majority would be deposited during the course of
the oviposition period since the females taken at the end of the egg-
laying period had only a fow eggs left. The density of the females has
been multiplied by 90 to calculate the potential egg density. These

calculations can be summarized as
Potential Eggs = Larvae Migrating x 0.5 x 90
i. Egg shortfall

The egg shortfall is the difference between the potential egg
density and the real density of eggs laid the following year. it is

not strictly a measure of mortality, but is the reduction in natality.
7.3 Analysis of the life-tables

The generation mortality, K, is the sum of the values for all
the k--factors. For the following analyses, the generation mortality is
calculated fvom egg to egg. A summary of the k-factors for the 1977-78
and 1978-=79 generations at the six sites is given in Table 7.2, with the
values for K. |

Figure 7.1 shows the density of eggs at each site, based on
the data from the life-tables. In 1977 the eggs were at similar densities
at all sites below 400 metres, while the density was lower above this
altitude. In the following year the density of eggs was highest at
335 metres (higher than in tho previous year’, At the two lowest sites

the density was reduced in 1978 and was less than that at 455 metres.




Tablie 7.2 : A summary of the mortality factors and the generation
mortality, X, at each altitude for the 1977-78 and the

1978-79 generations

k -~ factor Cause
kO Seed capsule failure
kl First period of grazing
k2 Parasitoids attacking larvae inside seed capsules
k3 Other mortality of larvae inside seed capsules

Parasitoids attacking larvae in cases

4
ks Other mortality of larvae in cases
k6 Second period of grazing
k Egg shortfall




1977-78
WO
WH
ww
Nw
W&
Wm
Nm
Wq
K
1978~-79

ko
WH
%,
Ww
Wh
WW
ke
wg
X

15m

0.129
0.Co0
0.C87
0.190
0.326
0.035
0.000
1.287

2.054

©.0%1
0.007
0.245
0.311
0.464
0.106
0.000
1.022

2.246

245m

0.170
0.070
0.009
0.140
0.111
0.103
0.648
0.707

1.958

0.162
0.216
0.036
0.270
0.128
0.153
0.162
0.940

335m

0.222
0.164
0.000
0.183
0.012
0.008
0.034
0.695

1.318

0.465
0.C00
0.000
0.244
0.003
0.004
0.000
1.521

2.238

0.385
0.144
©.000
0.1l40
0.007
0.033
0.lo8
0.928

1.745

0.544
0.038
0.000
0.303
0.000
0.064
0.012
1.302

2.263

455m

0.437
0.114
0.000
0.290
0.000
0.087
0.051
0.533

1.512

0.761
0.039
0.000
0.396
0.000
0.039
0.115
0.770

2.120

520m

0.324
0.000
0.000
0.301
0.C00
0.083
0.325
0.326

1,359

0.790
0.000
0.000
0.450
0.000
0,196
0.243
0.416

2.095

651




Figure 7.1 : The number of Coleophora alticolella eggs
per square metre plotted on a logarithmic

scale against altitude.

O 1977
O 1978

0 1979
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The density in 1979 was the lowest of the three years at all of the
sites. The greatest variation of density during the three year period
was at 15 metres; here the density was an order of magnitude less in
1979 than in 1977.

Values for the generation mortality at each site are shown in
Figure 7.2. The generation mortality for 1977-78 was more variable
between sites than for 1978-79. vValues for the first generation were
highest at 15 metres and lowest at 335 metres. All of the values for
the second generation were over 2.0, which is equivalent to more than
99% mortality at each site.

In the construction of the life-tables it was assumed that the
maximum fecundity of females was 90 eggs. From these, two must survive
to adulthood the following year for the population to remain at the same

density. This is equivalent to a generation mortality of

log 90 -~ log 2 = 1.653

Three sites had values of K less than 1.653 in the 1977-78
generation: 335m, 455m and 520m. These were the only sites where
there was an increase in egg density from 1977 to 1978. Generation
mortality for 1978-72 was greater than 1.653 at all sites, hence the
reduction in density of eggs,

The identification of a key factor responsible for population
change can be achieved by the correlation of each k~factor with K for a
series of generations (Varley and Gradwell 1960). For Coleophora
alticolella, however, life-tables are only available for two complete
generations which is not sufficient data for this method. As the
importance of each mortality factor may change in different locations,
the approach used in these analyses is to examine the relationships

between each k-factor and altitude. The values for each k-factor




Figure 7.2 : The generation mortality, K, of Coleophora

alticolella plotted against altitude.

O 1977-78 Generation

O 1978-79 Generation
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are plotted against altitude in Figure 7.3a-h. In doing this,

it is possible to judge the relative importance of each factor in
determining population change and how each may differ under different
environmental conditions. Although the impact of each mortality
factor can change along the altitudinal gradient, some may act on the

population in similar ways at different sites.

ko Seed capsule failure

This factor is responsible for most of the mortality of
Coleophora alticolella between the eqgg stage and larval establishment
inside the seed capsule. As there is lower seed capsule production at
the higher altitudes, ko has a greater effect at these sites (Figure 7.3a).
The severity of this factor was greater at the higher sites in the 1978-79
generation because here the proportion of florets developing into seed

capsules was lower in 1978 than in 1977.

kl The first period of grazing

This mortality is due to sheep grazing the Jumcus squarrosus
inflorescences from the time when they were produced until the samples
were taken in August. Figure 7.3b shows that there was no relationship

between kl and altitude.

k2 Parasitoids attacking larvae inside the seed capsules

There is an inverse relationship between this mortality factor
and altitude (Figure 7.3c). Parasitization at this stage was higher in
1978 than in 1977. The value for this k--factor is zero at 335m and

above.




Figure 7.3a-d : The k-valurs of each mortality factor

plotted against altitude.

(0 1977-78 Generation

O 1978-79 Generation

a ko Seed capsule failure

b kl First period of grazing

c k2 Parasitoids attacking larvae inside seed capsules
d k3 Other mortality of larvae inside seed capsules

Continued.cosooo







Ficure 7.3e-~g : The k-values of each mortality factor

plotted against altitude.

O 1977-78 Generation

O 1978-79 Generation

e k, Parasitoids attacking larvae in cases
£ k5 Other mortality of larvae in cases
|
|
g k6 Second period of grazing

Continued.....







Figure 7.3h : The values of k7 (egg shortfall) plotted

against altitude.

0O 1977-78 Generation

O 1978-72 Generation
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k3 Other mortality of larvae inside seed capsules

This is a residual value which has been calculated to balance
the budget, and may consist of several agents causing mortality. There
is a direct relationship between this k-factor and altitude for the sites
above 335m (Figure 7.3d); below this altitude the values are similar
within each generation, but vary between generations. The causes of
this mortality are unknown. Competition for food between larvae inside
the seed capsules can be ruled out; this would result in higher values in
the middle region of the transect, where there was a greater proportion
of the larvae sharing seed capsules because of the higher larval densities
{Chapter 5). It is possible that food gquality is reduced at the higher
sites, or that the severe climate acts directly on some of the larvae,
killing them before they are able to produce their cases.

k3 at the lowest altitude could have been due to undetccted
effects of the parasitoids. The Hymenoptera may have killed some of
the larvae but failed to oviposit on them. If they oviposited
successfully, some of the parasitoid larvae meay have failed to develop.
These dead Coleophora alticolella larvae would not have been classed as

parasitized in later samples.

k4 Parasitoids attacking larvae in cases

This is the first mortality factor to act after the larvae have
produced their cases. As with k2, there is an inverse relationship
between the mortality caused by these parasitoids and altitude (Figure 7.3e).
Scambus brevicornis was recorded from samples taken at 395m in 1977 and at
335m in 1977 and 1978, but parasitization was very low at these sites, so

the k-values are small. This k~factor was greater in the second of the

two generations at the two lower sample sites.
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k5 Other moxrtality of larvae in cases

The values for this k-factor were small; all were less than
0.2 (Figure 7.3%). Thils mortality was not measured directly but, like
k_, was calculated from the otber values; it may consist of several components
One component at the low altitudes could be due to more undetected
parasitism. Also at these sites, some of the mortality will have been
caused by adult female Scambus brevicornis feeding on the Coleophora

alticolella body fluids.

k6 The second period of grazing

There was no relationship between this k~factor and altitude
(Figure 7.3qg). The highest values were recorded at 245m and 520m

in each generation.

k7 Egg shortfall

This is another factor which was not measured directly but was
calculated from the other wvalues in the life-table. The highest value
was recorded at the 335 metre site for the 1978-79 gemeration, and the

lowest values were at 520 metres (Figure 7.3h). k., was higher in

7

1978-79 than in the previous generation at all sites except for 15 metres.

The variation of k_ with altitude, as shown in Figure 7.3h,

7
suggests that this factor has the greatest effect where the density of the
larvae is highest (c.f. Figure 5.1). Density-dependent mortality can be
detected by plotting each value of x against the logarithm of the density
of the stage on which it acts; a significant positive slope indicates
that there is greater rate of mortality at the higher densities. In

this case, k., has been calculated from the density of larvae per square

7

met.re migrating to the leaf litter in each autumn.




Figure 7.4 shows the overall increase of k., with increasing

7
density of migrating larvae per square metre. There is a significant
correlation between the two values (r = 0.68l, d.f. = 8, P < 0.05).
when the data for each site are examined separately, however, this
factor is found not to be directly related to density; the lines
joining the values for the two generations at each site are independent
of each other. Therefore, despite the overall relationship, egg
shortfall is not dependent on the density of larvae migrating to the
leaf-litter.

If this reduction in natality is due to intraspecific competition

for the food supply, then k. will be related to the density of larvae

7
with wxespect to the seed capsules rathexr than the density per square

metxe. Therefore, k., will not be related to the density of lawrvae

7
from which it is calculated but will be delayed slightly in its effect.
Larvae are over-dispersed with respect to the food supply at
the beginning of the season and, as shown by k3, there is no density
dependent mortality caused by competition for food within the seed
capsules, Once the larva has eaten all of the seed in its first capsule
and has produced a case, it searches for more food to complete its
development., It is at this stage that competition could occur.
Therefore, if k7 is a density-related effect caused by competition for
food, it should be directly related to the density of cased larvae per
remaining seed capsule (D). These values have been calculated from

the data given in the life-tables, by the formula

Cases produced. m

D =

Capsules, m = - Larvae in capsules. m

The results of these calculations are given in Table 7.3,



Figure 7.4

The valuves of k7 plotted against loglo
of larvae per square metre migrating to
leaf-litter at each sample site for the
1977-78 and 1978-79 generations. The two

values from each site are joined.







Table 7.3

Altitude

1977

1978

(m)

15
245
335
395
455

520

15
245
335
395
455

520

The density of seed capsules, larvae and larval cases
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produced at the six major sample sites in 1977 and 1978,

calculated from the life tables after the first period of

grazing. The density of the larval cases with respect to

the remaining food supply (D) is shown in the final column.

This has been calculated from the formula

Seed capsules per

2
m in August

3797
752
943
823
820

787

869

746
245
220

281

Cases produced. m

Seed capsules. m-2 - larvae. m-2

Larvae per

2
m

in August

566
482
335
247
150

46

Cases produced

per m

299
342
220
179

77

23

67
86
343
88
47

11

Density

(D)

0.0925
1.2667
0.3618
0.3108
0.1149

0.0310

0.1067
0.7167
2.3819
1.2941
0.4564

0.0440
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Figure 7.5 shows that, at the four highest sample sites, k7
was related to the density of cased larvae with respect to the remaining
food supply. In spite of the fact that these values have been calculated
for a variety of diffexent sample sites, the thin lines in this figure
show that there is a direct relationship at all four sites and that the
trends at each site are similar to the overall relationship.

The values for the two lowest sample sites do not follow this
relationship. At these sites, parasitization of the larvae in the cases
will affect their density and, therefore, the amount of competition for
the remaining food.

Regression analysis of a k-factor on density camnot be taken
as proof of a density-dependent relationship because the independent
variable may not be free from sampling error, and the two variables may
not be independent of each other. To overcome these problems it has
been suggested by Varley and Gradwell (1963) that attention should be
focused on the relationship between the densities before and after the
action of the k-factor. If the regression of final density on initial
density and initial density on final density both precduce slopes that
are significantly different from unity, and also that these lines lie
on the same side of the slope of unity, then density-dependence has
been proved.

In the case of egg shoxtfall of Coleophora alticolella, k7 is
independent of the density used in Figure 7.5, but this density is
subject to sampling errox. It was not possible to obtain direct
measurements of the deasity of survivors, with the same units as the
initial density, because eggs were laid on a different year's growth
of inflorescences to those on which the larvae had been feeding in the

previous summer, Theoretical values can be calculated, however, from

the formula:



Figure 7.5 : The values of k7 plotted against loglOD
(the density of cased larvae per uneaten
seed capsule after case production).
The values for the two generations at each
altitude are joined by the thin lines.
The thick line is from the regression analysis
of the values from 335m and above (O) and has

the formula

= o. L.
k. 0.606 log, D 160

b}
it

0.952, n = 8, S.E. of slope = 0,080, P < 0.00L
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log § = 1log D - k7

whore D is the initial Qensity and S the density of survivors.

The values of log S and log D have been plotted against each
other in Figure 7.6 and the regression coefficients calculated. The
slopes for log § on log D and log D on log S are both significantly
different from, and both on the same side of, a slope of unity.

Thus the reduction in natality at the sites above 245 metres
is related to the amount of competition for food between the larvae
with cases. However, this density-dependent effect does not exactly
compensate for the increase in larval density as the slope of k7 on
log density is less than unity.

Variation in natality could occur in two ways: larvae that
obtain insufficient food in the summer may fail to become adults the
following year, thus reducing the density of ovipositing females.
Alternatively, there could be a reduction in fecundity; at high densities
the larvae have a smaller food supply and those that do survive may
become smaller adults producing fewer eggs. Reduced fecundity at high
larval densities has been recorded in many insect population studies;
for example, the cinnabar moth (Tyria jacobaeae L.} (Dempster 1971),
the pine loover moth (Bupalus pinarius L.) (Xlomp 1966) and the
moorland tipulid Molophilus ater (Horobin 1971).

Both of these effects of density on the reduction of natality
of Coleophora alticolella may occur, but the importance of each could
not be separated by using the data available.

The density-related reduction in natality has only been
demonstrated for sites above 245 metres, At 15 metres and 245 metres,
k., was not directly related to the density of larvae with respect to

7

the food supply. It was mentioned previously that mortality due to




Figure 7.6:

loglOS, the theoretical density of Coleophora alticolella
larvae surviving the effects of k7, plotted against

loglOD, the initial density.

The broken line has a slope of unity.

The two solid lines are:

loglos = 0,395 1OglOD - 1.160

0.080; P < 0.01

]

r =0.,89%; n =8; S.E. of slope

loglOD = 2,036 loglOS + 2.248

1

r =0.89; n=28; S.E. of slope 0.412; P < 0.0l
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parasitization, which is commonest at these two sites, would reduce the
competition for seed capsules. Therefore the effects of density-
dependent reduction of natality at these sites would be different from

the observed values of k..

7
There may also be other factors contributing to k7 at the
low altitudes. Figure 7.4 showed that %_ at 15 metres was related to

7
the density of larvae migrating to the leaf-litter. It is possible

that parasitization or predation of the overwintering larvae may account

for some of this mortality.

i) Parasitization

Parasitoids may have attacked the larvae ox pupae in the
leaf-litter. This possibility cannot be ruled out as larvae were not
removed from the leaf-litter foxr rearing.

Another possible source of parasitization could have been
due to endophagous parasitoids attacking the larvae in the summer, but
not killing the hosts until after migration. Such parasitized larvae
would have been classed as migrators and alive in the autumn, when in
fact they would not contribute to the following generation. Such
parasitism was not recorded during this study; Jordan (1958) recorded
a few endophagous parasitoids from Coleophora alticolella, but he did not
identify them.

It is possible that some of the parasitized larvae in cases
became dislodged from the inflorescences. If this occurred they would
also have been classed as live and migrated. This would lead to an

overestimate of the population about to overwinter.
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ii) Predation of overwintering laxvae

Predaticn is a difficult factor to measure. Jordan (1962)
suggests that predation could be due to sheep, mice or voles. The
effect of sheep-grazing is more likely to occur earlier in the season,
when the larvae are still feeding, and has been included at an earlier
stage of the life-tables, There is no information about the activity
of mice or voles in these areas. Common shrews (Sorex araneus L.) and
pygmy shrews (S. minutus L.) both occur in similar areas of Juncus
squarrosus in northern England but no Coleophora alticolella laxrvae
have been found in the guts of these insectivores (Sarah Wanless pers.
comm. ) .

Invertebrate predators (e.g. ants, spiders or carabid beetles)
could take C. alticolella from the leaf-litter. These predators would
also be inactive during the winter months, so their effect on the larval
population may not be very great.

Walton (1979) has shown that meadow pipits (Anthus pratensis (L.)),
common birds of moorlands, eat Coleophora larvae. He studied the diets
of these birds in Snowdonia and found considerable numbers of larvae with
cases among the,gut contents of birds that had been feeding on areas of
Jupncus squarrosus. They contributed most to the diet of the pipits in
March and April, but were also found in October. There was an average
of 13.4 larvae per stomach in March. It was at first thought that these
birds may have been feeding on the parasitized larvae, that had not
migrated, but had remained on the rush stems. However, my examination
of the remains of 235 Coleophora larvae from higs samples did not reveal
any evidence of parasitization. Thus it seems that the meadow pipits
were searching through the leaf-litter to find these prey items, and that

they will affect the survival of the overwintering larvae. There were
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no data available for the density of migrating Coleophora alticolella
larvae in the areas where the meadow pipits were feeding, so the
magnitude of this effect cannot be calculated.

Meadow pipits occurred at all of the sites where C. alticolella

was studied, but no observations on their feeding behaviour were undertaken.
7.4 Changes in the mortality in relation to altitude

There are two maln sources of mortality that are related to
altitude. The first is starvation of newly hatched larvae and is caused
by the failure of seed capsule development by the food plant (ko). This
effect increases in severity with increasing altitude. The other source
of mortality, parasitization (k2 plus k4)' is inversely related to
altitude. The changes in the intensity of these two factors with
altitude leave a middle region where their combined effect is low.

Here the larval density in relation to the food supply is at its highest.
This high larval density leads to competition for food and results in a
density-dependent reduction in natality (k7)°

The changing intensity of these three factors along with
altitudinal gradient 1s shown diagramatically in Figure 7.7. That part
of the curve for competition for food at the low altitude does not
correspond to the values for egg shortfall (k7) but is the trend
calculated frem the density of larvae at these sites.

Towards the upper altitude limit of Coleophora alticclella
distribution, competition for food is much reduced and the most important
moxrtality is due to seed ceapsule failure. At the upper limit, seed
capsule failure is responsible for total generation mortality;
consequently the values for the other k-factors are zero. This will

occur when the uppexr limit of seed-setting is reduced to a level below



Figure 7.7

A diagramatic representation of the changing
intensity of three causes of mortality of

Coleophora alticolella with 1increasing altitude.
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the previous year's larval distribution, as happened between 520 metres
and 610 metres from 1977 to 1978.

At the lowest altitude, parasitization of the larvae on the
inflorescences is more important than the reduction of natality caused
by competition, Other causes of mortality act on the overwintering
porulation at this sample site; these increase the values for egg

shortfall which then masks the general relationship.
7.5 A comparison of the survivorship curves at 15m and 455nm

Moxris (1965) has pointed out that many mortality factors act
contemporaneously or are at least overlapping. The survivorship curve
for a generation is really continuous, but in the construction of life-
tables the age intervals chosen for population sampling are often too
long to show this continuity.

The survivorship curves for Coleophora alticolella at 15m and
455min 1978 are shown in Figure 7.8. They have not been separated into
age—classes, but have been constructed from the data for the number of
eggs and larvae present in the samples of Juncus squarrosus (allowances
have been made for the larvae migrating). These census data have been
plotted against time in days and start with zero as the day when the
maximum numbexr of eggs was present. The number surviving has been
converted to a percentage of the total eggs for comparing the two sites.

These two survivorship curves are clearly different. At 455m
the curve can be classified as type IV under Slobodkin's (1962) terminology
(see inset on Figure 7.8); here mortality acts most heavily on the early
stages. The curve at 15m is nearer to type III, with a more constant

mortality rate.




The survivorship curves for Coleophora alticolella

at 15 metres (QO) and 455 metres (Q) in 1978,
The number present in each sample is expressed
as a percentage of the maximum egg density and
is plotted against time in days after the sample
date with maximum eggs.

The inset shows the four types of survivorship
curves classified by Slobodkin {(after Slobodkin

1962) .
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Price (1975) suggests that survivorship curves for insects
can be divided into two broad groups which he calls types A and B.
Insects with a type A curve show high mortality (usually owver 70%)
in the early stages of the life-cycle. This is similar to the type IV
curve shown in Figure 7.8. Insects of this group live in exposed
situations, oxr have a vulnerable stage during the establishment of the
larvae. The insects of group B have high apparent mortality rates
in later stages. These are more akin to the type III curve. Type B
insects live in protected situations or are defended in colonies.

in view of the data presented in Figure 7.8 it is clear that
Coleophora alticolella does not fall into one or the other of Price's
groups but can occupy either, in diffexent parts of its range. At
the highex altitude, most of the mortality occurs in the early stages,
during larval establishment; but at 15m C. alticolella is in the type B
group.

Work by Stark (1959) shows that the survivorship curves for
the lodgepcle needle miner (Recurvia starki Freeman) have different
shapes depending on climatic conditions at the time of larval establishment.
Cold, wet weather at the time of hatching and the fall of needles with
eggs in high winds can be responsible for over 70% mortality; this puts
them into type A. In other generations or in other locations, very
little mortality occurs at this stage andé the survivorship curve appears

more like type B.
7.6 Discussion

Animal populations can only be regulated by density-dependent
or density related factors. Even when regulated, the population fluctuates

around an average demnsity, and the size and direction of these fluctuations
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is determined by key factors. The value around which the population
fluctuates need not be the same in all parts of the animal's range.
Towards the limits of its distribution the population is usuvally lower;
climate can often be implicated in setting the average density level.
Different key factors may be responsible for the population changes in
different parts of the range. Weather may influence the density
fluctuations, but does not regulate the numbers of animals because it
cannot act as a denslty-dependent factor. Weather may, however,
determine the number of suitable habitats (Klomp 1962).

Juncus squarrosus is a variable food resource, and its relation
to environmental conditions plays an important part in the population
dynamics of Coleophora alticolella. Changes in the density of the food-
plant are often the driving force behind the population changes of the
moth. There are two distinct measurements of the production of the
food supply. The density of inflorescences produced is responsible
for most of the differences between years at any one site. Secondly,
the effect of the increasingly severe climate on the development of seed
capsules is responsible for the differences between altitudes.

It is important to make a distinction between the two measurements
of C. alticolella density. The density per square metre shows the changes
of the population from one year to the next. The density with respect to
the seed capsules gives an indication as to how much competition there will
be for the food supply.

At 335 metres a high percentage of the florets develop into
seed capsules and parasitization of the larvae is low. It is probable
that the key factor responsible for population change in this region is
the density-dependent reduction in natality, caused by competition for

food in the previous summer. In 1977 there were sufficient seed capsules
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for the larvae and so there was an increase in the density in 1978,

In 1978 the density of inflorescences was lower than in the previous year
and the larvae were at a higher density in relation to the seed capsules;
this led to much competition for the seeds, with a consequent reduction
in the density per sguare metre in 1979. If the food supply were
constant from year to year the population of C. alticolella would be
regulated by the density-dependent reduction in natality. The situation
is complicated, however, by the widely fluctuating density of inflorescences
from one year to the next. Dempster (1975) has shown that the key
factors responsible for changes in the population of cinnabar moths
(Tyria jacobaeae), feeding on ragwort (Senecio jacobaea L.) at
Weeting Heath in Noxfolk, are density-dependent deaths from starvation
and the effects of this food shortage on the fecundity of the survivors.
However, the number of plants, and therefore the food available, is
mainly determined by rainfall (Dempster and Lakhani 1979),

Larxval density per seed capsule was low at 520 metres so there
was little competition for food. The main factor which determines
population changes at the high altitudes is also responsible for setting
the upper altitudinal limit of the moth; the low proportion of florets
developing into seed capsules. In 1977 seed capsule production rate
was high at 520 metres so there was a low mortality rate in the newly
hatched larvae. This led to an increase in the density of the moth the
following year. Poor seed capsule development in 1978 resulted in a
reduced density in 1979, If the weather was mild enouéh to allow high
rates of seed capsulevdevelopment over a series of years, the population
of Coleophora alticolella at this site would rise until the effects of
competition would form an increasingly important part of the generation

mortality.
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Regulation of the population density will not normally occur
at the high altitudes; the density of successive generations will
merely fluctuate according to the.intensity of kg

At the lowest sample site, seed capsule development was good
and there was an excess of food, yet the population of Coleophora alticolelle
declined. The larvae at this site suffered a high rate of parasitization.
It was not possible to show any regulation of the population at this low
altitude because data were not available for sufficient generations.

The fact that parasitization played such an important role as a mortality
factor at this site suggests that the population was being held at a low
density by these natural enemies. This prevented the C. alticolella
population from increasing and utilizing all of the food resource.

Dempster (1971) found that a natural population of cinnabar moths persisted
at low density at Monks Wood, Huntingdon - they never totally defoliated
their food plant at this site. The vegetation at Monks Wood supported

a large population of arthropod predators which‘took a higher proportion

of the young caterpillars than at Weeting Heath.

The importance of the mortality factors changes gradually from
one site to another. Between 335 metres and 520 metres the effects of
competition for the seed capsules are reduced and the effects of seed
capsule failure increase. The relative strength of these two factors
at the intermediate sites will differ between years.,

Sheep removed many inflorescences in some years; this was
particularly noticeable at 245 metres. Grazing reduces the density of
inflorescences but does not affect the density of the larvae in relation
to the food supply; therefore it will not affect competition for food
among the larvae. The reduced density may, however, affect the response

of the parasitoids, and could result in lower rates of parasitization.
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The intensity of sheep grazing is not related to the density
of Coleophora alticolella and cannot regulate the population. They
graze the inflorascences without regard to the insect fauna and will not
only reduce the density of moths for the following season, but also the
density of the parasitoids (particularly those specific to this host).
If sheep were prevented from grazing there would be an increase in the
density of both moths and parasitoids. The extent to which the parasitoids
could restrain the potential population growth under these conditions is not
known but it is unlikely that they would be as successful as at the 15
metre site. Competition for food among the Coleophora alticolella laxrvae
will form a more important component in the generation mortality at

245 metres than at 15 metres.
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CHAPTER 8

THE EFFECT OF COLEOPHORZ ALTICOLELLA ON THE SURVIVAL OF

JUNCUS SQUARROSUS SEEDS

8.1 INTRODUCTION

Coleophora alticolella is a major seed predator of Juncus
squarrosus. The highest densities of larvae, with respect to the
seed capsules, were found at the middle altitudes of the transect
studied., In some years the larval density in this part of the transect
was so high that virtually all of the seed was eaten.

In this chapter the effect of Coleophora alticolella on the
survival of the seeds at the different altitudes is considered. Survival
is the difference between production and the subsequent predation of the
seeds by the moth larvae.

In November the larvae had migrated to the leaf-litter and
the capsules that had not been attacked had dispersed their seeds.

The damaged seed capsules (those with seeds eaten) were easily distinguishable
because the pericarp had a characteristic round hole through which the

larva had gained access to the seeds (Plate I); also they contained frass,
the remains of damaged seeds and parts of the sjilken galleries constructed

by the larvae. Virtually all of the seeds in a damaged seed capsule had
been eaten; the few that did escape predation wexe not included in the
analyses as they would not affect the results Zo any great extent.

Sampling over the whole transect was most comprehensive in
1978; <the results from the analyses of these data are presented with

comparisons for the other years.
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8.2 Seed capsule production in 1978

Seed capsule production by Juncus sguarrosus in relation to
altitude has been discussed in Chapter 3. Values for the demsity of
seeds produced per square metre of J. squarrosus-dominated sward in 1978
were given in Table 3.11, assuming a mean numbey of 80.5 % 2.1 seeds per
capsule. The density of the seed capsules produced at the seven major

sites is shown in Table 8.1.

Table 8.1 : The density of seed capsules produced by Juncus squarrosus
at different altitudes in 1978. The values have been
calculated from data given in Chapter 3 and are

shown with 95% confidence limits

Altitude Seed capsules produced

{m) per m2 in 1978
15 1085 * 457

245 523 * 142

335 777 + 216

395 295 £ 70

455 179 + 54

520 78 £ 33

610 17 £ 13

The reduction in seed capsule density with increasing altitude

can be described by a linear equation with the formula:

C = 1112.2 ~ 1.8764 (8.1)
where € isg the density of capsules produced at each altitude A, in metres.

This relationship is shown in Figure 8.1.




Figure 8.1 : The relationship between the mean numbeyr
(+ 95% confidence limits) of seed capsules
produced (C) per m2 and altitude (&) in
metres in 1978. The regression line has the

eguation

C = 1112,2 - 1.876A4

r = -0.933, n =7, S.E. of slope = 0.418, P < 0.01
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8.3 Seed capsule predation in 1978

Table 8.2 shows the total number of seed capsules in samples
of Juncus squarrosus inflorescences taken in November 1978, and also
the number of capsules which had had their seeds eaten by Coleophora
alticolella larvae. There were high rates of seed capsule predation
in the middle region of the transect; the larvae had eaten the seeds
from more than 95% of the capsules between 275 metres and 365 metres.
There is a peak in the proportion of seed capsules damaged, at 350 metres.
The distribution of the proportions at the different altitudes is not
symmetrical about this maximum; it reaches zero above 520 metres yet
remains around 0.4 at low altitudes.

Fitting a curve to the data for the proportion of seed capsules
demaged was achieved by considering them to be of two components. In
the lower altitude section there is a logistic increase in the proportion
of seed capsules damaged with increasing altitude. In the upper phasc
there is a sharp reduction in the proportion and this is considered as an
exponential decline. Both of these components, in isolation, approach
the same asymptote, 1.00; 1i.e. total seed capsule destruction.

Logan et al. (1976) and Wollkind et al. (1978) have discussed
a method for describing such relationships, where complex phenomena can
be considered in two distinct phases, each being described by a separate
curve but with matched asymptotes. This method was originally developed
to describe temperature-dependent rate phenomena in arthropods but can be
used in other gituations. Such data can be described more precisely by
this technique than by other curves, for example by polynomials (Logan

et al. 1976).
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Table 8.2 : The total number of seed capsules and the number of
seed capsules damaged by Coleophora alticolella larvae
in samples of Juncus squarrosus inflorescences taken at
the beginning of November in 1978. The number of damaged

sced capsules is also expressed as a proportion of the total

Total number Seed
Altitude Number of of seed capsules Proportion
(m) inflorescences capsules damaged damaged
15 50 1136 447 0.394
215 40 513 274 : 0.534
245 30 324 240 0,741
260 50 625 565 0.904
275 30 378 360 0.952
290 50 770 754 0.979
305 30 337 335 0,994
335 . 30 298 295 0.990
350 50 439 438 0.998
365 30 209 201 0.962
395 30 117 157 0,887
455 30 93 74 0.796
520 30 28 22 0.226
550 30 14 o) 0.000
580 30 8 0 0.000

610 30 1 0 0.000



Figure 8.2 : The proportion of Juncus squarrosus seed capsules damaged by
Coleophora alticolella at different altitudes in 1978. The
95% confidence limits,shown by the vertical lines, have been
calculated from the arcsin transformation. The curve has

the formula

1 - 0.4248 ] ( 532,735 = A )
- exp - e

p=0.4248 +
B R 17oxp (15.9504 < 0.06664) 52.831

D is the proportion.of seed capsules damaged and 4 1is the altitude in

metres (see text for explanation).

F = 256.1, P < 0.001, R2 = 0,988
4,8
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The equation used to describe the curve shown in Figure 8.2

is of the form

D= [k+(l—k)/l+exp(a~bA)] - exp (= Amax -4 ) (8.2a)
AA
D is the proportion of seed capsules with their contents eaten by
Coleophora alticolella at each altitude A4 in metres. The first part
of the expression (in the square brackets) is an equation for a logistic
curve with a non-zerc asymptote, k, to the left; a and b are the
constants of the logistic curve as described in Chaptef 2. The second
part of th=2 equation is for the exponential decline in fhe proportion of
capsules destroyed, at higher altitudes. Amax is the upper altitudinal
limit for the seed capsule destruction and AA is a small parameter which
determines the rate of decline near this upper limit.
The data were fitted to this equation by least squares

curvilinear regression and the resulting equation

| 1 - 0.4248 532,753 - 4 )
b= [°°4248 ¥ Tiexp(i5.0%04 - 0.0666m | ~ %P (" 52831 ) (8:2P)

is shown by the curve for O S A S A in Figure 8.2.

This eqguation predicts that at the lower altitudes, below
210 metres, less than 50% of the seed capsules were damaged by Coleophora
alticolella; and that the upper altitudinal limit for seed capsule
destruction, which is also the upper altitudinal limit of C. alticolella
distribution, was about 533 metres,

The two phases of this curve are independent of each other
and can, by the alteration of the parameters, change their shape and

move in relation to each other and to the axes. The lower altitude
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phase represents the controlling effect of the larval parasitoids on
the ability of C. alticolella to utilize all of the available seed.

The uvpper phase rcepresents the increasing effect of climatic harshness
on the moth population. The parasitoids had little effect above 300
metres. In the upper altitude region the larvae would have eaten all
of the available seed were it not for the climatic effects which played

an increasingly important role in the population dynamics of the moth.
8.4 Seed capsule survival in 1978

The proportion of seed capsules surviving predation (5) and
thus able to disseminate their seeds is equal to 1 - proportion damaged (D)
for values of D within the range 05 A% Amax in equation 8,2, Qutside
this range D will be zero and therefore S will be 1.

The product of ¢ from equation 8.1, the density of seed
capsules produced at each altitude, and S the seed capsule survival rate,
gives the expected density of seed capsules surviving attack by the moth
larvae. These values are shown by the curve in Figure 8.3, with the
density of seed capsules surviving plotted on a log. scale agalnst
altitude. There was no relatilonshlp between the number of seeds per
seed capsule and altitude, the mean being 80.5 * 2.1. The ordinate on
the right hand side of this graph shows the equivalent density of
suxrviving seeds. The points on this graph are the observed results,
calculated from the difforences between the number of seed capsules per
inflorescence and the number that had had their seeds eaten, multiplied
by the density of inflorescences at the end of the season (Appendix 2).

There is good agreement between the cbserved vélues and those
predicted from the equations, over most of the range. Deviations occur
at the three lowest sites on Little Dun Fell, where sheep grazing caused
large reductions from the expected altitudinal trend of seed capsule

production.




Figure 8.3

The density of seed capsules and seeds
surviving predation by the Coleophora
alticolella larvae in relation to altitude
in 1978. The points have been calculated
from the samples taken in November and are
plotted on a log scale, The curve is for

the expected values.
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The expected density of surviving seed capsules at 245m is
l49,9m-2 and the observed value was SloSmaz° This latter value was
calculated using the density of inflorescences at the end of the season,
after the effects of sheep grazing. The sheep reduced the density of
inflorescences here from 49‘,2m—2 to 18.4m-2, which is a loss of 62.6%.
Correcting the observed density of seed capsules surviving for this
loss gives a value of 137,7m—2, which is very close to that predicted.

This graph (Figure 8.3) can be considered in three sections.
At the highest altitudes, above Amax” there is no predation of the seed
by Coleophora alticolella. Consequently, the reduction in the density
of seed capsules surviving to disseminate their seed is solely due to
their reduced production by the plant. This is caused by the climatic
effects upon both floret production and subsequent seed capsule
development.,

The increase in seed survival in the middle phase, from about
320 metres to Amax’ is a result of the reduced impact of the seed
predatorsgs under the influence of the increasingly severe climatic
conditions.

Very low densities of seed survived around 320 metres, but at
sites below this altitude there was an increasing density left after the
larvae had finished feeding. It is in this low altitude section that
the larvae are attacked by parasitoids. The parasitization of
C. alticolella larvae not only reduces the moth pPopulation for the
following season, but also xeduces the effects of the laxvae on seed
capsule survivai in the same year that the parasitization occurs.

Each C. alticolella larva consumes the contents of more than two seed
capsules during its complete development but, because some of the

parasitoids kill their hosts while still on their initial seed capsule,
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they are often prevented from eating their full complement of seeds.

At progressively higher altitudes in this zone, parasitization

decreases and the larvae are able to utilize an increasing proportion of
the seed produced.

The final result of the changes in the density of seed produced,
and the effects of the seed predators and their parasites, 1s a region
where seed capsule development rate is high and parasitization of the
seed predators is low. Here the high density of C. alticolella.
causes almost total destruction of the seed capsules, leaving only about
ten per square metre to disseminate their seeds. At altitudes higher
and lower than this reglon, the survival of seed 1s such that below
250 metres and around 525 metres there were over one hundred seed capsules
per m2 remaining after the larvae had finished feeding. This is despite
the density of seed capsules produced at 525 metres being less than 20%

of the density at 250 metres.
8.5 Seed survival in other years

The highest densities of larvae per seed capsule in 1977 and
1979 wexre also in the middle region of the transect (Chapter 5).
Samples were taken in November 1977 at a more limited range of sites
than in November 1978; sampling was not carried out in November 1979.
The proportion of capsules that had had their contents eaten by the larvae
in 1977 reflects the larval densities, and follows a similar pattern with
increasing altitude to the wvalues in 1978 (Table 8.3). All of the seeds
were eaten at the 305m site, 67.5% of the capsules were damaged at 455m

and only 30.2% at the lowest site.
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Table 8.3 : The total number of seed capsules and the number of seed
capsules damaged by Coleophora alticolella larvae in
samples of Juncus'squarrosus inflorescences taken at the
beginning of November in 1977. The number of damaged seed

capsules is also expressed as a proportion of the total

Total number Seed

Altitude Number of of seed capsules

(m) inflorescences capsules damaged
15 30 698 211
245 30 290 247
275 30 ' 367 356
305 30 323 323
335 30 276 234
365 30 200 155
395 30 242 167
455 30 157 106

Proportion
damaged

0.302
0.851

0.970

0.775
0.690

0.675

Teble 8.4 gives values for the density of sceds surviving

predation by Coleophora alticolella at comparable sites in 19277 and 1978.

There was a similar pattern of seed survival in relation to altitude in

the two years, with the lowest densities at the middle altitudes. There

were, however, variations between years at some of the sites. These

were due to differences in the density of seeds produced by the plants,

which was caused by variation in the inflorescence density.

Samples were not taken in November of 1979, but larval density

per seed capsule was greatest at the 275 metre site and so the highest

seed predation would have been around this altitude.

The larval densities

in 1972 were comparatively low, however, and it is unlikely that there

would have been as few seeds surviving as in the two preceding years.




Table 8.4

Altitude

{m)

15
245
305
335
395

455
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The density of Juncus squarrosus seeds surviving predation

by the larvae of Coleophora alticolella at different

altitudes in 1977 and 1978.

The values are given with

95% confidence limits

A -3
Number of seeds surviving x 10 per square metre

236.7

12.1

17.9

27.3

23.7

8.6 Discussion

by the severe climate at high altitudes.

1977

+ 62.0
* 3.7
* 0.0
r 4.1
* 7.7
+ 8.3

1978
52.9 £ 22.4
lo.9 + 3.0
0.3 + 0.08
0.6 £+ 0.02
2.7 + 0.6
2.9 + 0.9

Seed production by Juncus squarrosus is adversely affected

Climate also affects the

density of the seed predators and at some altitudes all of the seed

is eaten.

Total destruction of J. squarrosus seed by Coleophora

alticolella has been noted by previous workers (Jordan 1962; Reay 1964).

The results from the summer of 1953, given by Jordan (loc. cit.), show

that total seed destruction occurred over a limited altitudinal range

on the Little Dun Fell transect,

study.

similar to that found in the present

Reay (1964) found that all of the Juncus squarrosus seed

capsules were destroyed on a transect on the eastern side of the Pennines

in 1956, but this was due to very low inflorescence densities,
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Unfortunately, the data given by these previous authors is not detailed
enough to allow the type of analysis used in this Chapter.

Welch (1966b) suggested that Coleophora alticolella would
do no more than balance the increased production of seed capsules at
the lower altitudes. Clearly this is not the case for all sites, as
larval density 1s not directly related to seed capsule production.
However, the density of seed surviving at the lowest site on Little
Dun Fell was similar to the density near the upper altitudinal limit of
C. alticolella.

Such drastic reductions in the reproductive capacity of
Juncus squarrosus, as occurred around 320 metres in 1978, could have
serious conseguences on its population were it not foxr its ability to
reproduce vegetatively. The seed is essential foxr the colonization
of new and disturxbed habitats (Welch 1966a). If this high level of
predation were repeated over many years it would reduce the contribution

of J. squarrosus to the seed bank and lower its competitive ability.




188

CHAPTER 9

GENERAL DISCUSSION

wWhittaker (1971) studied the spittle-bug Neophilaenus lineatus
in a favourable habitat, a low altitude grassland in southern England,
and in a ‘hazardous’' environment in the northern Pennines, where the
population was at the edge of its range. He found that the lowland
population showed evidence of being regulated by density-dependent
mortality. Parasitism by the dipteran Verrallia aucta(Fallén)
contributed to this regulation. The high altitude population did not
appear to be regulated. Local extinctions were common in this part of
the bug's range.

In coﬁtrast to Whittaker's work at two sites, the present study
has been an investigation into the ecology of an insect along a gradient
of increasing environmental harshness. This research has discerned three
main regions in the altitudinal distribution of Coleophora alticolella.

At the low altitude site at Drigg, there was high larval mortality due to
hymenopterous parasitoids. This mortality was reduced with increasing
altitude and the natural enemies were absent from the higher sites on

Little Dun Fell. At the highest altitudes, towards the edge of its range,
the population was at the mercy of the haféh climate and its adverse

effects on the larval food, the seeds of Juncus squarrosus. Retween these
two extremes, Coleophora alticolella was free from the effects of parasitoids
and failed seed-setting. This enabled the population to increase to a

level at which it exploited all of the available food. At these higher
population densities, density-dependent reduction of natality caused by

competition for food was the major factor limiting population growth.
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One way of expressing population growth is by the Ricker-type
curve (Holling 1973; Southwood 1975; May 1977). The population in one
generation is expressed as a function of the population in the previous
generation. When the curve crosses the line.with a slope of unity an
equilibrium is possible. Sinuous curves {(Figure 9.1) may result from
the combined effects of fecundity, predation and interspecific competition,
at different population demnsities; these can have a number of equilibria,
some stable, some transient (Holling 1973). The properties and implications
of this type of curve have been described by May (1977). In the curve
shown in Figure 9.1 there are two attracting equilibrium points (A and B)
and one repelling point (C). When the population is controlled by
predators the population fluctuates around the lower endemic level, A.

If the fluctuations carry the population above the release point, C,
the population will ‘explode'’ to point B. Extreme competition at the
high densityAis then often responsible for a population crash, bringing
the level back to the equilibrium at A.

Outbreaks of phytophagous insects, many of them pest species,
which occur in simple habitats, such as crop monocultures and arctic
environments, may be due to a lack of control by natural enemies (Pimentel
1961; Nuoroteva 1963; Price and Waldbauer 1975). Evidence for this
has been given by Smith and Whittaker (1980), in their study of the
chrysomelid beetle Gastrophysa viridula Degeer, which feeds on the broad-
leaved dock (Rumex obtusifolius L.). They found that in plots with diverse
vegetation, typical of communities well advanced in succession, predation
prevented the beetle from successfully exploiting the dock. They concluded
that "Gastrophysa viridula is probably confined to young communities by
the influence of predation"”.

Southwood (1977a) has discussed the role of the environment in

the evolution of the bionomic strategies of animals and has paréicularly




Figure 9.1

An example of a Ricker-type population growth
curve, with the population in generation ¢+l

as a function of the population in the preceding
generation. Two stable (A and B) and one
unstable (C) eguilibria occur where the curve

crosses the slope of unity (after May 1977).
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related this to the r- and K-selection continuum. Habitat stability,
or the position along this continuum, is one of the three axes used

by Southwood and Comins (1976) in producing the landscape of their
synoptic population model. The other two axes are population density
and population grovth, The surface of this model extends from extreme
r-selected animals to those with X-selected characteristics. Natural
enemies do not play a significant role at the two ends of this spectrum.
Populations in these positions have only one stable egquilibrium,
determined by competition. In the intermediate region, predator: effects
are more significent in population regulation. Here there is a valley
in the gurfac this is called the 'natural enemy ravine' and a lower
predetor-mainiained eguilibrium point occurs if the ravine dips below
the zero grvowth contour. The population growth curve in this region

is as that shown by Figure 9.1.

Southwood and Comins (loc. cit.) illustrate their model, and
the effects of the natural enemy ravine on population growth, by using
the exampie of L..R. Clark's work on the eucalyptus psyllid, Cardiaspina
albitextura Taylor. During the endemic phases of this insect, the
population is ragulated by density-dependent mortality and predation

causcd by a range of precdators, mainly birds, and parasitoids. Occasionally,
weather conditions are such that mortality from the parasitoids is reduced
and the bird predators are not able to respond to the increasing prey
density. The population then moves past th= release point and the adult
lansilty rigoes dramatically to eoidemic levels. The high population levels
ceien extrena 'scrample~competition' and conseguent larval starvation, with
ar eventual return to the endemic level.

Habitat stability may be measured as the degree of its Hermanence

and precictebility (Scuthwood 1975). Southwood et al. (1974) claim that
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the instability - stability spectrum of the habitat gives rise to the

r - K selecticn continuum. However, although a species is confined

to a particular type of habitat (temporary pools, one plant species etc),
there will be some variation in the relative stability of habitats within
its range. Habitat stability is reduced in harsh climates (Whittaker
1975; Southwood 1977a). Thus for any species there will be limited
movement along the r = K continuum, depending on the degree of this
stability throughout its range. The altitudinal distribution of
Coleophora alticolella can be regarded as movement along the stability -
instability axis of the synoptic model. Theoretically, the model Qould
suggest that with increasing altitude the system travels along to the
r~end of the landscape and the natural enemy ravine is gradually f£illed in.
This removes the lower predator-maintained equilibrium point and leaves
only the upper one, This upper point is near to the carrying capacity
of the food-supply (May 1977) and the population should be regulated by
density-dependent mortality, due to competition for Juncus squarrosus
seed capsules. At the highest altitudes, this process is ’'short-
circuited’ by the severe climate which reduces the population by density-
independent mortality.

Southwood and Comins (1976) emphasise that stochastic elements,
such as weather, willl complicate the conclusions generated from theilry
deterministic model. As with most natural systems, there is a great
deal of 'noise' associated with the relationships between Coleophora
alticolella and Juncus sgquarrosus. This is due to the laxrge variation
in the density of inflorescences produced from one year to the next.
These theoretical studies cannot mimic the observed behaviour of the

Coleophora alticolella population because of this variation in the food-

supply.
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The formulation of population models, such as those described
here, can help in the implementation of appropriate control programmes
against pests with different ecological strategies (Southwood 1977a).
Native r-pests, such as malarial mosqguitoes (Anopheles spp.) cannot be
successfully controlled by natural enemies alone. Insecticides, which
can act quickly to prevent population increase, are more likely to contain
such pests, K-pests can be controlled by pesticides, but also by sterile
mating technigques and changes in agricultural practice. This approach
has been used to control the tsetse fly (Glossina spp.) in parts of Africa.
Biological control has better chances of succeeding against intermediate-
pests (Conway 1976; Southwood 1977b) . In fact, the use of insecticildes
against such species may be counter-productive since it can lead to an
eradication of the natural enemies and hence any potential endemic
equilibriuvm point (Price and Waldbauver 1975; Conway 1976).

Intermediate-pests may become r-pests if they are introduced
into new environments without their natural enemies (May 1976). Indeed,

a high proportion of serious insect pests are exotic species (Simmonds

and Greathead 1977). It is against such pests that 'classical’

biological control programmes (the importation of parasitoids and predators)
are aimed.

The theories of biological control have been covered in numerous
texts (e.g. DeBach 1964; Huffaker 1971). Commonly, these measures are
aimed at controlling introduced pests by the introduction of natural
enemies, usually parasitoids, from their native home, with the hope that
they will quickly become established and reduce the pest to a lower
equilibrium level. Force (19729 1974) has suggested that parasitoids
which could be classed asr-strategists should be used, éince their tolerance
of a wide range of environmental conditions and high rate of increase

allows them to colonise the new area quickly and dramatically reduce
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their host's density. The major problems with this approach, as
Force has pointed out, is that in the pest's native country the
reparasitoids are usually scarce and could be overlooked, because of the
better competitive abilities of the K-species in the parasitoid complex.
These ideas can be illustrated by the relationship between the winter
moth (Operophtera brumata (L.)) and one of its parasitoids, the tachinid
fly Cyzenis albicans (Fallén) . The fecundity of €. albicans is
potentially very high, being about 2000 eggs per female (Vérley, Gradwell
and Hassell 1973) and, although it has very little impact on its h§st
population in Wytham Woods, England, it is a very effective controlling
agent of the pest in Newfoundland (Hassell 1980). C. albicans is
ineffective in Wytham because its puparia are exposed to predators for
a long period, and it is attacked by an ichneumonid hyperparasitoid
Phygadeuon dumetorum Gravenhorst (Varley and Gradwell 1968).

The use of several species of parasitoids to control a pest
has its dangers because of the chance of inadvertently introducing
hyperparasitoids. The presence of hyperparasitoids can seriously impair
the controlling influence of the primary parasitoid on its host. Hassell
(1979) has shown, theoxetically, that the introduction of a hyperparasitoid
into a host-parasitoid equilibrium can produce a locally stable three-
species equilibrium with the host density vaised to a level higher than
before the introduction of the hyperparasitoid.

During the present study, Tetrastichus endemus, the parasitoid of
Elachertus olivaceus, was only found on Coleophora alticolella at the site
with the mildest climate, It would be interesting to find out whethex
the density of €. alticolella is raised by the effects of this secondary
parasitism. This could be the reason why the proportion of Juncus
squarrosus seed capsules destroyed by the larvae at 15m was similar to that

at 215m.
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The damage done by phytophagous insects can be put to good
use if the plant which they attack is a weed. An insect intended for
weed control is introduced without its natural enemieé: in theirxr absence'
the population increases and destroys the food-plant. Such an interaction
should eventually reduce both the plant and insect to low levels. This
was the result of introducing the chrysomelid beetle Chrysplina quadrigemina
(Ssuffrian) into California to control the St John's wort Hypericum
perforatum L. (the Klamath weed) (Wilson 1964).

Seed predators, such as Coleophora alticolella, are unlikely
to be efficient control agents of perennial weeds because the host persists
and vegetative reproduction is common. However, they may be useful in
preventing the weed from éolonizing new habitats. Seed-eaters are more
effective against annuals (Wilson loc. cit.).

Climatic conditions can severely reduce the ability of a
parasite to control its host. One important study into the effects of
climate on a pest control programme is that of DeBach (1965). He studied
the parasitoids of the California red scale, Aonidiella aurantii (Maskell),
particularly Aphytis lignanensis Compere. His research showed that weather
does not impose upper limits to the host population increase but, in areas
with favourable weather, parasitoids could regulate the host's population
at low densities. These favourable conditions only occux on the
Californian coast. The climate is harsher inland and, although the
parasitoid can survive here, it cannot control its host's density.

DeBach (loc. cit.) used the following words to describe the
relationships between the California red scale, its parasite Aphytis
lignanensis and climate. They also apply to the relationships between

Coleophora alticolella, its larval parasitoids and altitude:
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"Effective parasites regulate their own average population
densities at low levels by regulating their host population
densities at low levels. Thus we may find a host insect
and its parasite rare in a climatic zone optimum for both
if the parasite is intrinsically effective ...c.0000 On
the other hand, in a climatic zone suboptimum for the host
but even more so for an intrinsically effective parasite;
the host may be unregulated and become abundant, .......
Here we have the anomaly of scarcity being associated with

ideal weather conditions.”

Marginal areas, where a population may not be under the control
of natural enemies, can act as reservoirs for pest species. The population
density in these areas may rise to a very high level and result in migration
into nearby crops (Way 1977). Pests are often ignored in these areas or
while they are feeding on alternative host-plants of no economic importance
(Southwood 1977Db).

Coleophora alticolella is not a pest species, although othexr
members of this genus damage crops. The larch-casebearer, C. laricella,
is a serious forestry pest of the European laxch, Larix decidua Miller,
(Thorpe 1933). This insect is now a major pest of the westerxn laxch,

L. occidentalis, and is responsible for much damage in plantations
throughout the north and west of the U.S.A. and much of Canada (Quednau
1967; Brown and Kulhavy 1978b). The birch—~casebearer, Coleophora
serratella, was accidentally introduced into North America in about 1920
and is now a common pest in the eastern part of that Continent. Although
it attacks several hardwood species, its principal host-plant in these

areas is the white birch, Betula papyrifera Marsh (Bryant and Raske 1975).
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This research on Coleophora alticolella has shown that the
climatic conditions in different parts of its altitudinal range have
profound effects on the mortality factors acting during its life-cycle.
Pest species will be affected in a similar manner. Consequently,
serious consideration must be given to the prevailing climate of an

area before deciding on the most appropriate method of pest control.




197

SUMMARY

Aspects of the ecology of the moth Coleophora alticolella were
studied in relation to altitude, during the period 1977 to 1979,

Study sites were located in two regions:
i) a low-altitude site, 15m above sea-level, at Drigg on the
Cumbrian coast.
ii) along a transect from 215m to 610m on the western escarpment

of Little Dun Fell in the northern Pennines.

The larvae eat the seeds of several species of Juncus; the main

food-plant in the study areas was J. squarrosus.

Seed production by J. squarrosus at different altitudes was
measured by using four parameters:

i) the density of inflorescences produced.

ii} the number of florets per inflorescence.
iii) the proportion of florets developing into seed capsules.

iv) the number of seeds per capsule.

There was no significant variation in the density of inflorescences
produced between different altitudes in any one year, but there was
significant variation between years. The mean densities were highest
in 1977 and lowest in 1978. It is suggested that variation between
vears may be due to the amount of rainfall during the inflorescence
growth period and also during the period of bud formation for the

following year's growth.

There was a reduction of 1.99 florets per inflorescence per 10Om
increase in altitude between 15m and 455m in 1978. The mean number

of florets is reduced in dry soil conditions.

There was a reduction of 3.7 seed capsules per inflorescence per
100m increase in altitude between 15m and 455m in 1978, The change
in the proportion of florets developing into seed capsules with
increasing altitude has been described by a logistic curve for

each sample date. The point of inflexion of these curves, which is
the altitude at which half of the maximum development is realized,
was highest in August 1979 (45%m) and lowest in August 1978 (364m) ;
the 1977 value was 414m. These values are related to the mean daily
temperature during June and July, the period of seed capsule

maturation.
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There was no relationship between the mean number of sceeds pexr capsule
and altitude. The overall mean value (with 95% confidence limits) is

80.5 £ 2.1 seeds per capsule.

The variation in the density of seeds produced per m2 at each site in
different years was mainly due to variations in the density of
inflorescences. The reduction in the proportion of florets developing
into secd capsules with increasing altitude was the most important
factor contributing to the lower density of seeds produced at higher

sites.

Sheep graze the inflorescences mainly at the lower altitudes during the
first part of the year. The greater part of the grazing at the high
altitudes occurs after August. Sheep grazed over 50% of the

inflorescences below 325m. Grazing was negligible at Drigg.

The eggs of Coleophora alticolella are 0.398mm long and 0.200mm along
the othexr two axes. During embryonic development they change colour
from white through yellow to orange. it takes approximately two weeks

for an egg to turn orange.

The number of oviposition sites on an inflorescence is determined by
the number of florets but, because an oviposition site can contain more
than one egg, the relationship between the number of eggs and the number

of florets is more variable.

The highest density of eggs was recorded at 335m, whexe there were
1.120 eggs per floret in 1978, Only 0.102 eggs per floret were found
at 520m. The egg density was also reduced at low altitudes, with
0.287 eggs per floret at 15m.

There was little difference in the rate of egg-laying at each altitude.
Between 3% and 4% of the total eggs were laid each day, during the

1978 oviposition pexiod, at sites below 500m.

The median date of oviposition was delayed by 3.7 days per 1lO0Om increase

in altitude in 1978.

The mean number of eggs per oviposition site increased with the increase

in the density of eggs par florxet, during the first part of the oviposition

period. This relationship did not hold for the latter part of the

oviposition period because the increase in the structural complexity of
the inflorescence during their development makes more oviposition sites
avallable. At the end of the oviposition period, there were sufficient

sites for all of the eggs to be laid singly.
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The effect of heterogeneity in the density of inflorescences within

a Juncus squarrosus sward on oviposition behaviour was investigated.

The number of eggs per floret was inversely related to the expected
average distance between nearest neighbouring inflorescences in

different density plots. It is argued that at high densities of
inflorescences, less time must be spent travelling from one inflorescence
to another and more time will be available for ovipositing on each
inflorescence., This results in higher numbers of eggs per floret in

areas with relatively highex densities cf infloxescences.

The highest larval densities (over 0.8 per seed capsule in 1278) were
recorded at the middle altitudes of the transect. The larval density
fell to zero above 520m in 1978 and 1979, but in 1977 there were 0.019
larvae per seed capsule at 610m. Larval densities were also reduced at
low altitudes, but never to extinction. Generally, densities at each

site were highest in 1978 and lowest in 1979.

The larvae were significantly overdigpersed with respect to the sced
capsules, but the percentage of larvae sharing capsules at each site

was related to the larval density.

The major mortality factor acting bestween the egg stage and larval
establishment inside the seed capsules was starvation caused by failed
seed capsule development. This factor was very important at the
highest altitudes and resulted in over 80% mortality of this stage,
above 500m in 1978.

The lowering of the upper altitudinal limit of larval distribution is

a result of the lowering of the upper limit of seed production. This
upper limit is not a sudden cut-off, but is a result of the gradual
decline in survival at the larval establishment stage, caused by the
decline in the proportion of florets developing into seed capsules with

increasing altitude.

The duration of the egg stage was 25 days at 15m and 31 days at 455m.
The first larval instar took 10 and 13 days at these two sites and the
second instar 15 and 16 days respectively. The median date of the
oviposition period was 15 days later at 455m than at 15m. Equivalent
mean instars wexe achieved about three weeks later at 455m, during the
first half of larval develcpment. 'The Qlo for egg development, based on
a temperature difference of 3OC between the two sites, was 2.10.
Temperature had much less effect on the development rate of the early

larval instars, the Qlo being only 1.30.
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The mean date of larval case production was delayed by 5.7 days per
100m increase in altitude in 1977. The mean date was later at each
site in 1978 than in 1977. There was no significant relationship

between the mean date of case production and altitude in 1978.

There was an indirect relationship between the standard deviation of
the case production date and the density of larvae per seed capsule

at each site, épart from 15m. Although larvae tend to produce their
cases at the end of the third or beginning of the fourth instaxr, this
can be modified if the food-supply in their first seed capsule is
exhausted. A significantly greater proportion of larvae that wexe
sharing seed capsules had started to produce their cases than those in

capsules by themselves at 335m on 1 September 1978,

The mean date of larval migration to overwinter in the leaf-litter was
delayed by 11.4 days per 100m increase in altitude in 1977. Thexre was
no significant relationship between mean migration date and altitude in

1978.

When there was adequate food available to the larvae after they had
produced their cases, the time between the mean date of case production

and the mean date of larxval migration increased with incxeasing altitude.

Six species of primary parasitoid and one hyperparasitoid were recorded
from C. alticolella larvae. They were all Hymenoptera. The primary
parasitoids wexe: Scambus brevicornis, Gonotypus melanostoma, Gelis sp.,

Elachertus olivaceus, Euderus wviridis and Pteromalus semotus.

The hyperparasitoid was Tetrastichus endemus and was reared from

Elachertus olivaceus pupae.

There were two generations of E. olivaceus on each host generation.
The first mainly attacks host larvae inside the seed capsules and the

second attacks those with cases.

The larger hosts can support up to five E. olivaceus but the smaller
hosts can only support two. Pupal size was reduced with increasing
brood size and those from 245m were smaller than their counterparts
at 15m. Pupae in cguivalent sized broods were smaller on the younger
of the two host categories at 245m. There was over a four-fold
difference between the maximum and minimum pupal volumes, calculated
from the mean pupal lengths on different categories of host and brood

sizes.
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Significant deviations from a 1:1 sex-ratio were found for three of
the primary parasitoids; the numbers of females as percentages of the
totals reared were: Elachertus olivaceus 99.4%, Euderus viridis 60.5%

and Scambus brevicornis 3.2%.

The female §. brevicornis that were caught whilst ovipositing on
Coleophora alticolella had significantly longer wings and ovipositors
than their counterparts bred from this host. The alternative host, on

which the majority of the females developed, was not identified.

The date of first attack by Elachertus olivaceus was not delayed with
increasing altitude. FEuderus viridis attacked earlier at 15m than at
245m. Scambus brevicornis only attacked Coleophora alticolella layvae
after they had produced their cases. The first attack by Scambus
brevicornis was 3 weeks later at 245m than at 15m; it was also 3 weeks

later in 1978 than in 1977 at both sites.

The percentage of Coleophora alticolella layvae parasitized was reduced
with increasing altitude. 46.1% of the larxvae at 15m were parasitized
in 1977 and 61.1% in 1978. Parasitism at 335m was only 1.8% in 1877
and 0.3% in 1978,

The number of different species of parasitoids recorded was reduced from

6 primary and one secondary at 15m, to only one specles, Scambus
brevicornis, at 335m and above. No parasitoids were recorded above 395m
in 1977 and 365m in 1978. Tetrastichus endemus and Gonotypus melanostoma

were only recorded at 15m.

Life~tables have been constructed for Coleophora alticolella at 15m,
245m, 335m, 395m, 455m and 520m. They cover the period from eggs in
1977 to larvae established inside seed capsules in 1979, a little over

two generations.

The major factor influencing population change at the highest altitude
was starvation of the larvae between hatching and establishment inside
the seed capsules. Parasitization was most important at the lowest
altitude. Competition for food, between larvae after they have produced
their cases, resulted in a density~dependent reduction in natality in
the following spring. This was detected at sites above 245m and was
most important in the population dynamics of C. alticolella in the

middle region of the transect, around 335m.
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The survivorship curves for C. alticolella at 15m and 455m were
compared for the 1978 gcneration. At 15m, the curve was similar to
a °'Slobodkin type III' curve (Price type B), whereas at 455m it was
moze Llike a 'Slobodkin type 1IV' curve (Price type A). These
differences are dvue to variations in the mortality during larval

establishment.

Predation of the Juncus squarrosus seed capsules by Coleophora
alticolella larvae was greatest around 335m. In some years, almost

all of the seed is eaten in this region.

In 1978, over 100 seed capsules per m2 survived.predation by
C. alticolella at sites below 250m and around 525m, but only 10 per m2
survived at 320m.

The results from this study have been discussed in xelation to current
population models and to theories on the biological control of insect

pests and weeds.
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Appendix 1 : A list of the statistical symbols and abbreviations

vsed in the text

X2 Chi-squared

d.£f. Degrees of freedom

e Base of natural logarithms
F Variance ratio

n Sample size

N.S. Not significant

p Probability

r Correlation coefficient

R2 Coefficient of determination
s Standard deviation

52 Variance

S.E. Standard error

= Student's 't' statistic

X Mean of a sample
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Appendix 2a : The mean density of ungrazed Juncus squarrosus
inflorescences l/ém-z in 1977
15m site
Date n Mean Standard error
-3
26 July 16 39.2 3.6
24 BAugust 16 32.5 4,1
31 August 16 40.1 3.9
7 September 16 39.1 3.7
15 September 16 39.3 3.9
20 September 12 40.8 3.9
28 September 8 38.6 4.8
245m site
10 June 16 22.1 1.6
1 July 16 23.8 3.3
8 July l6 14.4 1.1
28 July 16 5.9 0.8
11 Anvgust 16 5.3 0.7
19 August 16 5.3 0.6
26 August 16 5.0 0.7
2 September 16 4.4 0.6
335m site
4
17 June 16 37.4 3.0
24 June 16 36.5 2.5
30 June 16 29,9 2.3
8 July 16 27.8 1.8
19 August 16 25.6 1.9
26 August 16 20.4 2.0
3 September 16 19.0 1.7
16 September 16 19.9 1.9
21 September 8 22.0 2.9
395m site
*
17 June 16 35.5 3.9
18 August 16 25.5 2.8
26 August 16 20.4 3.1
2 September 16 21.6 2.6
8 September 16 22.1 2,7
16 September 16 19.8 2.4

* :
denotes the values used as the total density produced

at each site : /continued
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455m site

17
23
30

9
14
22
10
25

1
16
21
29

520m site

16
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8
16

610m site
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30
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14
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Date
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le
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le
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39.2
39.3
38.5
34.9
32.9
31.1

31.8
39.0
44.2
46,2
44.6
33.9
19.3
13.6
l6.8
15.5

15.3
30.1
37.1
41.7
41.9
37.0
26.9
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denotes the values used as the total density produced
at each site

The data are from permanent guadrats at each altltude.
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Appendix 2b (continued)
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Appendix 2b (continued)

X 1 -
The mean Juncus squarrosus inflorescence density /am

Altitude
(m)

215

260

275

290

305

350

365

550

580

16

16

16

16

16

16

15

16

16

on 11 August 1978

Mean

5.4
4.6

12.9

12.1
19.3
13.3

15.8

2

Standard erxror

0.6
0.5
1.5
0.8
1.5
1.9
2.2

1.1
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Appendix 2c : Mean Juncus squarrosus inflorescence density

Y™  in 1979

i. Density of ungrazed inflorescences

Alg%?ude n : Mean Standard erroxr
15 16 24,7 2.0
215 - = -
245 16 7.2 0.9
260 16 4.5 0.9
275 16 8.3 1.5
290 16 10.0 1.6
305 16 8,0 1.0
335 16 18.1 2.0
350 16 12.7 1.7
365 16 17.2 1.9
305 15 12.7 1.8
455 lo 17.4 2.0
520 16 25.4 2.1
550 16 26.1 2.1
580 16 22.9 1.7
610 16 24 .4 2.0

ii. Density of inflorescences produced (ungrazed + grazed)

Al%%yude n Mean Standard error
15 16 24.7 2.0
215 - - -
245 16 23.4 2.5
260 16 17.6 2.6
275 16 23.2 2.2
290 16 20.4 1.7
305 16 19.5 1.8
335 16 25.8 2.1
350 16 20.9 1.7
355 16 23.5 2.1
395 16 24,7 2.3
455 16 24,5 1.9
520 16 27.1 1.9
550 16 26.8 2.3
580 16 23.1 1.7
610 16 24,7 2.0

Data were collected on 23 August 1979 at 15m and on 24 August on the
Little Dun Fell transect. Only isolated individuals were found at 215m.
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bppendix 3a : The mean number of florxets and seed capsules per

inflorescence of Juncus squarrosus in 1977

Altitude Florets Seed capsules
(m)

n Mean S.E. Mean S.E.
15 30 26.63 l.01 24.70 1.01
245 30 15.87 0.79 13.30 0.81
335 30 16.19 l1.01 12.13 l.10
395 30 18.63 1.00 9,65 0,60
455 30 15.17 0.64 6.93 0.57
520 30 11.75 0.80 8.70 0.71
610 30 12.30 1.02 5.25 0.80
Samples taken in August: 395m, 455m, 520m, 610m - 10 August

245m, 335m - 11 August
15m - 24 August

Al%i%ude Florets Seed capsules
m
n Mean S.E. Mean S.E.
15 30 25.76 1.43 24,14 1.38
245 30 11.63 0.62 9.67 0.54
275 30 13.87 0.83 12.23 0.86
305 30 14.03 0.79 10.77 0.68
335 30 14,23 0.88 9.20 0.66
365 30 13.33 0.77 6.67 0.52
395 30 13.88 0.71 8.07 0.45
455 30 13.10 0.58 5.23 0.40
Samples taken in November: 15m - 5 November

Little Dun Fell - 6 November



Appendix 3b :

i, The mean number of florets and seed capsules per inflorescence

of Juncus squarrosus in August 1978 (15m - 10 August, Little
Dun Fell - 11 August)

Altitude
(m)

15
215
245
260
275
290
305
335
350
365
395
455
520
550
580
610
685
760
830

ii. The mean number of florets and seed capsules per inflorescence
of Juncus squarrosus in November 1978 (15m - 8 November,
Little Dun Fell - 7 November)

Altitude
(m)

15
215
245
260
275
290
305
335
350
365
395
455
520
550
580
610
685
760
830

n

30
30
30
30
30
30
30
30
30
30
30
30
30

0

8]
30
20
20
20

Mean

17.23
15.47
13.97
12.77
14 .07
14.03
15.03
16.03
16.33
14.20
13.87
12.80
11.97

11.30
10.00
9.75
9.50

Mean

24.54
14.10
12.27
14.24
14.87
19.10
16.07
16.73
15.62
15.00
14.23
12.00
12.63
12.33
lo.80
13.23

Florets

Florets

S.E.

0.77
0.57
0.55
0.48
0.82
0.59
0.76
0,85
0.50
0.75
0.47
0.57
0.62
0.59
0.34
0.53

Seed capsules

Mean

14.75
14.20
12.00
10.07
11.67
10.67
2.53
7.60
8.03

S.E.

° E) ° ) °

o o ° °

o

OO0 0000O0OO0OO0OO0OO0O0
WSSOV UL
ADOONO0OO0OHODO U

[

°

0000
8885

Seed capsules

Mean

22.72
12.83
1o.80
12.50
12.60
15.40
11L.23
9.93
8.78
6.97
5.20
3.10
3.27
0.47
0.27
0.03

S.E.

0.72
0.55
0.52
0.44
0.75
0.51
0.54
0.76
0.50
0.75
0.6l
0.51
0.62
0.l6
.10
0.03
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Appendix 3c : The mean number of florets and seed capsules pexr
inflorescence of Juncus squarrosus at two sites

during 1978

Drigg 15m
Date Florets Seed capsules
n Mean S.E. Mean S.E.
30 May 30 19.37 0.67 0.C0 0.00
6 June 30 18.30 0.75 0.00 0.00
14 June 20 19.25 0.90 0.00 0.00
21 June 20 22.10 1.39 3.30 0.97
28 June 20 21.45 1.60 12.05 1.34
5 July 20 23.80 1.26 20.50 0.90
13 July 20 21.10 0.92 18.10 0.86
29 July 20 21.70 0.95 18.80" 1.07
2 August 20 21,70 1.23 17.15 1.24
10 August 30 17.23 0.90 14,75 0.81
16 August 20 21.35 1.17 18.65 0.99
23 August 20 21.15 1.05 17.85 0.95
30 August 20 21.25 1.02 17.95 1.00
8 September 20 21.50 0.91 18,90 0.%0
15 September 20 21.25 1.03 18.75 1.00
24 September 20 22.80 1.18 19.20 1.20
11 October 20 22.30 1.02 19.90 1.06
8 November 50 24,54 0.77 22.72 0.72

Little Dun Fell 455m

Date Florets Sced capgules

n Mean S.E. Mean S.E,
9 June 30 12.33 0.57 0.00 0.00
15 June 30 12.48 0.75 .0.00 0.00
18 June 30 10.73 0.5% 0,00 0.00
22 June 30 11.40 0.76 0.00 0.00
29 June 20 11.95 0.54 0.60 0.22
6 July 20 12.65 0.76 1.15 0.42
14 July 20 12.75 0.56 . 1.10 0.37
22 July 20 15.20 0.71 2.35 0.54
27 July 20 13.25 0.75 2.25 0,54
3 August 20 11.75 0.84 2,85 0.63
11 August 30 12.80 0.49 3.33 0.54
17 August 20 13.25 0.85 2,65 0.38
24 August 20 13.75 0,73 2.30 0.32
1 September 20 11.90 0.74 2.45 0.58
16 September 20 12.65 0.70 2.90 0.59
25 September- 20 12.70 0.56 2.45 0.53
12 October 20 12.80 0.83 2.10 0.39
0.51

7 November 30 12.00 0.57 3.10




Bppendix 3d : The mean number of florets and seed capsules per
inflorescence of Juncus squarrosus in August 1979

(15m = 23 August; Little Dun Fell - 24 August)

Altitude Florets Seed capsules
(m)

n Mean S.E. Mean S.E.
15 20 25.85 1.23 21.65 1.12
215 20 15.85 0,95 14,75 0.93
245 20 15.20 0.80 14,45 0.80
275 20 16.70 1.15 14,55 1.14
305 20 17.35 0.80 14,60 0.68
335 20 15.96 0.93 13.70 0.71
365 20 15.95 0.85 10.90 0.89
395 20 14.00 0.75 11.05 0.68
455 20 15.85 0.63 _ 6.95 0.66
520 20 16.95 - l.01 4,40 0.85
550 20 15.45 - 0.87 1.05 0.30
580 20 16.50 0.96 0.80 0.30

610 20 15.05 0.71 0.35 0.22
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The mean number of florets per inflorescence, and the

mean number of eggs and larvae per inflorescence, at

different altitudes during the oviposition period in

Appendix 4 :
Date
n
15m sample site
30 May 30
6 June 30
14 June 20
21 June 20
28 June 20
5 July 20
245m sample site
7 June 30
15 June 30
18 June 30
22 June 30
29 June 30
335m sample site
7 June 30
2 June 30
15 June 30
18 June 30
22 June 30
29 June 30
6 July 30
395m sample site
9 June 30
15 June 30
18 June 30
22 June 30
29 June 30
6 July 20

X

19.37
18.30
19.25
22.10
21.45
23.80

15.80
15.43
15.863
12.07
11.93

16.50
15.67
14.10
16.80
14.10
15.83
14.20

14.17
14.10
14.93
14.20
12,37
14,35

Florets per inflorescence

S.E.

0.67
0.75
0.90
1.39
l.60
1.26

0.64
0.66
L.02
0.70
0.77

0.68
0.87
0.79
0.69
0.76
0.78
0.59

0.62
0.62
0.66
0.81
0.58
0.65

1978

. Eggs and larvae.
per inflorescence

X

0.30
2.83
4.80
5.80
6.15
4.30

1.33
4.43
6.03
4.77
8.77

1.80
1.73
3.90
7.60
2.57
13.70
15.20

1.20
3.20
5.00
7.53
8.77
12.90

S.E.

0.16
0.56
0.89
1.02
0.98
0.90

0.46
0.54
0.76
0.51
0.88

3 o

o

000000
VDWW
O = 6D wn

0.32
0.36
0.50
0.62
0.97
1.40

/continued
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Appendixz 4 (continued)
Date Florets per inflorescence Eggs and larvae Total larvae
_ per inflorescence present
n X S.E. X S.E.
455m sample site
S June 30 12.33 0.57 1.07 0.27 o]
15 June 30 12.48 0,75 1.70 0.30 o
18 June 30 10.73 0.59 1.93 0.35 o]
22 June 30 11.40 0.76 4.17 0.74 0
29 June 20 11.95 0.54 6.45 0.76 o]
6 July 20 12.65 0.76 10.05 0.98 0
14 July 20 12.75 0.56 7.60 1.04 6
22 July 20 15.20 0.71 3.10 0.59 28
520m sample site
9 June 30 10.73 0.67 0.00 0.00 o
15 June 30 11.23 0.44 0.00 0,00 (o}
22 June 30 12,07 0.67 0.17 0.08 o}
29 June 30 12.37 0.58 0.50 0.16 o
6 July 30 14.03 0,53 1.43 0.23 0
14 July 30 12.80 0.62 0.90 0.24 0
22 July 20 13.45 0.69 0.55 0.20 o
610m sample site
29 June 30 10.60 0.64 0.00 0,00 0
14 July 30 12.57 0.50 0.00 0.00 o
29 June 1978
Eggs and larvae Total larvae
Sample site Florets per inflorescence per inflorescence present
n x S.E. x S.E.
275m 30 15.87 0.71 16.47 1.45 6

305m 20 15.55 0.97 14.45 1.75 3
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Appendix 5a : The mean number of Coleophora alticolella larvae per
inflorescence, floret and seed capsule of Juncus
squarrosus in 1977. Samples were taken on 9 August
at 15m; 10 August at 395m, 455m, 520m and 610m; and
11 August at 245m and 335m. These values include
dead and parasitized larvae
Larvae per Larvae per Larvae per
inflorescence floret seed capsule
Altitude _ _ _
(m) x S.E. x S.E. x S.E.
(n) (n) (n)
15 2,70 0.48 0.138 0.018 0.149 0.01%
(20) (390) (263)
245 8.17 0.67 0.515 0,025 0.614 0.027
(30) (476) (399)
335 4.31 0.63 0.2606 0.028 0.356 0.035
(16) (259) (194)
395 2.90 0.35 0.155 0.019 0.301 0.035
(20) (374) (193)
455 1.27 0.24 0.084 0.013 0.183 0.027
(30) {455) (208)
520 0.50 0.12 0.043 0.013 0.058 0.018
(20) (235) (174)
610 0.10 0.10 0.C08 0.00% 0.019 0.013
(20) (246) (105)



Appendix 5b :

Altitude
(m)

15

215

245

260

275

290

305

335

350

365

395

455

520

610

The mean number of Coleophora alticolella larvae per

232

inflorescence, floret and seed capsule of Juncus squarrosus

in 1978.

from 15m, which were taken on 10 August.

All samples taken on 11 August, except for those

These wvalues

include dead and parasitized larvae

Larvae per

inflorescence

x S.E.
(n)

4 .00 0.59
(30)

2.87 0. 36
(30)

7.10 0.49
(30)

6.53 0.52
(30)

9.67 0.64
(30)

8.00 0.66
(30)

8.00 0.60
(30)

6.13 0.53
(30)

6.57 0.65
(30)

4.13 0.34
(30)

3.57 0.40
(30)

1.77 0.35
(30)

0.20 0.09
(30)

0.00 0.00

(30)

0.232

0.185

0.508

0.512

0.687

0.570

0.532

0.383

0.402

0.291

0.257

0.138

Larvae per
floret

(n)

(517)

(464)

(419)

(383)

(422)

(421)

(451)

(481)

(490)

(426)

(416)

{384)

(359)

(339)

SOEO

0.019

0.018

0.028

0.028

0.030

0.029

0.029

0.027

0.029

0.026

0.025

0.019

0.000

Larvae per
seed capsule

X

0.278

0.202

0.592

0.590

0.829

0.750

0.839

0.807

0.817

0.685

0.723

0.530

0.111

(n)

(432)

(426)

(360)

(332)

(350)

(320)

(286)

(228)

(241)

{181)

(148)

(100)

(54)

(3)

Scﬁe
0.023
0.020
0.030
0.031
0.032
0.033
0.035
0.043
0.043
0.047
0.055
0.059
0.043

0.000



Appendix 5c¢ :

Altitude
(m)

15

215

245

275

305

335

365

395

455

520

550

580

610

The mean number of Coleophora alticolella larvae per

233

inflorescence, floret and seed capsule of Juncus squarros

in 1979.

All of the samples were taken on 24 August,

except for those at 15m, which were taken on 23 August.

These values include dead and parasitized larvae

Larvae per

inflorescence

x S.E.
(n)

0.50 0.18
(20}

0.95 0.12
(20)

1.30 0.25
(20)

5.25 0.58
(20)

3.05 0.47
(20)

3.05 0.33
(20)

2.00 0.36
(20)

1.05 0.26
(20)

0.9%0 0.27
(20)

0.40 0.18
(20)

0.00 0.C0
(20)

0.00 0.00
(20)

0.00 .00

(20)

Larvae per

0.019

0,060

0.086

0.314

0.176

0.191

0.125

0.075

0.057

0.024

0.000

0.000

0.000

floret

(n)

(517)

(317)

(304)

(334)

(347)

(319)

(319)

(280)

(317)

(339)

(309)

(330)

(301)

S.E.

0.006

0.013

0.016

0.026

0.020

0.027

0.019

0.016

0.014

0.000

0.000

Larvae per
seed capsule

X

0.023

0.064

0.092

0.361

0.209

0.223

0.184

0.095

0.129

0.091

0.000

0.000

(n)

(433)

(295)

(289)

(291)

(292)

(274)

(218)

(221)

(139)

(88)

(21)

(16)

S.E.

0.007

0.014

0.017

0.029

0.024

0.026

0.026

0.020

0.030

0.031

0.000

0.000



Appendix 6a : The number of Coleophora alticolella aggs and live larvae of each instar, per inflorescence

of Juncus squarrosus, from samples taken at the 15m site during 1278. (The planks are zero values).

STADIUM Total per Total in Number of
Date Eggs I IT ITT v inflorescence sample inflorescences
30 May 0.30 0.30 9 30
6 June 2.83 2,83 85 30
14 June 4,80 4,80 26 20
21 June 5.80 5.80 116 20
28 June 5.50 0.65 6.15 123 20
5 July 1.10 2,25 0.95 4.30 86 20
13 July 1.65 1.55 0.40 3.60 72 20
29 July 0.15 1.70 1.80 0.30 3.95 79 20
2 Aug 0.15 1.30 1.55 0.25 3.25 65 20
10 Aug 0.60 1.80 0.73 3.13 94 30
16 Aug 0.25 1.85 1.05 3.15 63 20
23 Aug 0.10 1.15 1.05 2.30 46 20
30 Aug 1.05 0.95 2.00 40 20
8 Sept 0.65 1.20 1.85 37 20
15 sept Q.10 1.15 1.25 25 20
24 Sept 0.05 0.40 0.45 9 20
i1 Oct 0.25 0.25 5 20

8 Nov 0.06 0,06 3 50

vEl
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Appendix 5o : The number of Coleophora alticolella eggs and live larvae of each instar, per inflorascence of
Juncus squarrosus, from samples taken at the 455m sits during 1978. (The blanks are zero valuss)

STADIUM

Total per Total in each Nymber of
Date Eggs I 11 III iv inflorescence sample inflorescences
9 June 1.07 1.07 32 30
15 June 1.70 1.70 51 30
18 June 1.93 , 0.93 58 30
22 June 4.17 4.17 125 30
29 June 6.45 . 6.45 129 20
5 July 10.05 10.05 201 20
14 July 7.60 0.30 7.0 158 20
22 July 1.70 1.30 0.1l0 3.10 62 20
27 July 0.60 1.55 0.15 2.30 456 20
3 Aug 0.05 1.20 i.10 2.35 47 20
11 Aug 0.53 1.10 0.13 1.76 53 30
17 Aug 0.20 1.15 0.25 ~l.60 32 20
24 Aug 0,35 0.75 0.05 1.15 23 20
1 Sept 0.05 0.85 0.10 1.00 20 20
16 Sept 0.05 0.80 0.30 1.15 23 20
25 Sept 0.20 0.65 0.85 17 20
12 oct 0.00 0o 20
7 Nov 0.00 0 30

SEZ
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Appendix 7a : Coleophora alticolella larval case production and migration
to the leaf-litter in 1977. Numbers per inflorescence of

Juncus squarrosus

No. marked on Total produced Number Number
Date each sample date (cumulative) present migrated
15m
23 July 0.000 0.000 0.000 0.000
26 July 0.170 0.170 0.170 0.000
3 Aug 0.234 0.404 0.332 0.072
9 Aug 0.175 0.579 0.429 0.150
17 Aug 0.306 0.885 0.660 0.225
24 Aug 0.219 1.104 0.813 0.291
31 Aug 0.174 1.278 0.860 0.418
7 Sept 0.101 1.379 0.868 0.511
15 Sept 0.058 1.437 0.859 0.578
20 Sept 0.014 1.451 0.847 0.604
28 sept 0.017 1.468 0.839 0.629
9 Oct 0.010 1.478 0.837 0.641
5 Nov 0.000 1.478 0.837 0.641

Total number of cases marked, 918. Total number of cases mlgrated, 398.

18.77 seed capsules per inflorescence in November

245m
4 Aug 0.000 0.000 0.000 0.000
11 Aug 0.043 0.043 0.043 0.000
19 Aug 1.086 1.129 1.129 0.000
26 Aug 1.187 2.316 1.960 0.356
2 Sept 0.822 3.138 2.412 0.726
9 Sept 0.662 3.800 2.809 0.991
17 sept 0.275 4.075 2.464 1.611
21 Sept 0.058 4,133 2.058 2.075
30 Sept 0.044 4.177 1.899 2.278
10 Oct 0.029 4.206 1.638 2.568
6 Nov 0.000 4,206 1.638 2.568

Total number of cases marked, 327. Total number of larvae migrated, 1¢€9.

9.24 seed capsules per inflorescence in November

Continued..cocoas
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Appendix 7a : continued
No. marked on Total produced Number Number
Date each sample date (cumulative) present migrated
11 Aug 0.000 0.000 0.000 0.000
19 Aug 0.129 0.129 0.129 0.000
26 Aug 0.373 0.502 0.480 0.022
3 Sept 0.523 1.025 0.984 0.041
9 Sept 0.502 1.527 1.385 0.142
17 Sept 0.339 1.866 1.381 0.485
21 Sept 0.028 1,894 1.176 0.718
13 Qct 0.014 1.908 0.131 1.777
6 Nov 0.000 1.908 0.085 1.823

Total number of cases marked, 555. Total number of larvae migrated, 530.
8.17 seed capsules per inflorescence in November.

395m

11 Aug 0.000 0.000 0.000 0.000
18 Aug 0.034 0.034 0.034 0.000
26 Aug 0.241 0.275 0.264 0.011
2 Sept 0.323 0.598 0.566 0.032
8 Sept 0.412 1.010 0.897 0.113
16 Sept 0.261 1.271 1.080 0.191
29 Sept 0.108 1.379 0.868 0.511
13 Oct 0.025 1.404 0.593 0.811
6 Nov 0.000 1.404 0.123 1.281

Total number of cases marked, 429. Total number of larvae migrated, 391.
6.47 seed capsules per inflorescence in November.

455m

18 Aug 0.C00 0.000 0.000 0.000
25 Bug 0.055 0.055 0.055 0.000
1 Sept 0.096 0.151 0.146 0.005
8 Sept 0.121 0.272 0.234 0.038
16 Sept 0.125 0.397 0.341 0.056
21 Sept 0.057 0.454 0.362 0.092
29 Sept 0.052 0.506 0.357 0.149
13 oct 0.008 0.514 0.281 0.233
6 Nowv 0.000 0.514 0.091 0.423

Total number of cases marked, 220. Total number of larvae migrated, 181.

5.47 seed capsules per inflorescence in November.




Appendix 7b : Coleophora alticolella larval case production and migration
to the leaf-litter in 1978. Numbers per inflorescence on

Juncus sgquarrosus

No. marked on Total produced Number Numbey
Date each sample date (cumulative) present migrated
15m

21 July 0.000 0.000 0.000 0.000
29 July 0.041 0.041 0.041 0.000
2 Aug 0.042 0.083 0.078 0.005
10 Aug 0.060 0.143 0.120 0.023
16 Aug 0.052 0.195 0.162 0.033
23 Aug 0.111 0.306 0.257 0.049
30 Aug 0.132 0.438 0.358 0.080
8 Sept 0.193 0.631 0.537 0.094
15 Sept 0.128 0.759 0.638 0.121
24 Sept 0.078 0,837 0.618 0.219
11 Oct 0.000 0.837 0,614 6.223
8 Nov 0.000 0.837 0.614 0.223

Total number of cases marked, 127. Total number migrated, 34.

10.80 seed capsules per inflorescence in November.

245m
17 Aug 0.000 0.000 0.000 0.000
24 Aug 0.124 0.124 0.124 0.000
1 Sept 0.121 0.245 0.241 0.004
9 Sept 0.482 0.727 0.712 0.015
16 Sept 0.463 1.190 1.122 0.068
25 Sept 0.338 1.528 1.176 0.352
12 Oct 0.039 1.567 0.745 0.822
7 Nov 0.000 1.567 0.745 0.822

Total number of cases marked, 169. Total number migrated, 89.

5.37 seed capsules per inflorescence in November.

Continued.cscccoacocns




239
Appendix 7b : continued
No. marked on Total produced Number Number
Date each sample date (cumulative) present migrated
335m
17 Aug 0.000 0.000 0.000 0.000
24 Aug 0.192 0.192 0.192 0.000
1 Sept 0.629 0.821 0.801 0.020
9 Sept 1.462 2.283 2.159 0.124
16 Sept 0.533 2,816 1.832 0.984
25 Sept 0.239 3.055 0.688 2.367
12 Oct 0.029 3.084 0.279 2.805
7 Nov 0.000 3.084 0.072 3.012
Total number of cases marked, 508. Total number migrated, 496.
6.64 seed capsules per inflorescence in November.
"395m
17 Aug 0.000 0.000 0.000 0.000
24 Aug 0.065 _ 0.065 0.065 0.000
1 Sept 0.110 0.175 0.169 0.006
9 Sept 0.524 0.699 0.651 0.048
16 Sept 0.521 1.220 1.093 0.127
25 Sept 0.496 1.716 1.000 0.716
12 Oct 0.040 1.756 0,238 1.518
7 Nov 0.000 1.756 0.089 1.667
Total number of cases marked, 246. Total number migrated, 213,
4,88 seed capsules per inflorescence in November.
~ 455m
24 Aug 0.000 0.000 0.000 0.000
1 Sept 0.034 0.034 0.034 0.000
9 Sept 0.153 0.187 0.186 0.001
16 Sept 0.096 0.283 0.183 0.100
25 Sept 0.067 0.350 0.168 0.182
12 oct 0.022 0.372 0.065 0.307
7 Nov 0.000 0.372 0.032 0.340

Total number of cases marked, 69. Total number migrated, 63.
1.74 seed capsules per inflorescence in November.




Appendix 8

Examples of logistic curves fitted to the data for larval

case production (0O) and larval migration (O). In the

formulae, y is the number of larval cases produced and z

the number of larvae migrating, per inflorescence, in

relation to time (x) measured in days with 1 = 1 June

15m in 1977

larval case production

y = 1.4734
1 + exp (8.1901 - 0.1102x)

= . < 0.
FZ,IO 1251.3 p 0.001

larval migration

z = 7 0.6481
1 + exp(8.2582 - 0.0965x)

F2,10 = 1055.5 P < 0.001

455m in 1978

larval case production

y = 0.3672

1 + exp(22.4258 ~ 0.2207x)

F2V4 = 424.9 P < 0.001

larval migration

z = 0.3319 .
1 + exp(18.5413 -~ 0.16056x)

F = 159.7 P < 0.001

R2 = 0.995

R2 = 0.994
R2 = 0,993
R2 = 0.981










