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ABSTRACT
This thesis reports the results of investigations concerning the potential range and
global colonisation ability of selectedinsect pests of oilseed rape (Brass/ca napus L.).
The Scottish distribution, abundance and phenology of three pest species; the cabbage
seed weevil, Ceutorhynchiis ass/ni/i/s Payk. (Coleoptera: Curculionidae), the brassica
pod midge, I)asineura hrassicae Winn. (Diptera: Cecidomyiidae) and the cabbage
stem flea beetle, P.sy/Iiodes chiysocephala L. (Coleoptera: Chrysornelidae) were
investigated. C. ass/mi/is was found to be omnipresent and abundant throughout
Scotland, whilst D. brassi cue was widespread but more prevalent and abundant in the
south-east of the country. D. brass/cue's Scottish distribution is attributable to the
species' spread north from England, and it is predicted that Scottish populations will
increase in magnitude and distribution in the future. P. chiysocephala was not found
in Scottish oilseed crops, and its absence necessitated that investigations of potential
range were implemented for C. ass/mills and D. hrassicae only.
The climatic response of both C. ass/nil/is and D. brass/cue was experimentally
investigated. The resultant data was integrated with data from the literature
concerning the species' distribution, abundance and phenology throughout their native
range. The distributional limits and relative abundance within the European range of
both species were found to be primarily under climatic control, and other abundance.modifying factors were of secondary importance.
CLIMEX is a computer-based simulation system which uses climatic indices and
species-specific parameters to determine areas favourable for the development and
persistence of ectothermic populations. CLIMEX parameters were assigned to
describe the climatic response of C. ass/nil/is and D. brass/cue and the potential,
climatically suitable, global range of each species was predicted. The role of other
range-modifying factors were also investigated. The relative influence of biotic and
abiotic factors were considered, and overall world-wide colonisation ability was
estimated.
it is predicted that the C'. assimnilisiD. brass/cue complex has the potential to colonise
the United States (('. ass/rn/i/s already present), Australia, Japan, Korea, New
Zealand, China, South Africa and South America. However, populations are only
predicted to attain damaging levels on oilseed rape crops in Australia, Japan and
Korea. In New Zealand and South Africa populations are predicted to persist, with
the potential. to increase to damaging levels if oilseed rape were to be cultivated in the
future Whilst in China and South America, populations are likely to be of little
importance due to the regulatory influence of sub-optimal climatic, conditions. C.
assimilis has a greater colonisation potential than D. brass/cue, which is dependent on
C. assimu/is' presence to reach economically damaging levels.
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Chapter One
Introduction and aims
1 .1) General introduction
Over 70 % of all named species are insects, it is not known how many insect species
exist in total, but estimates range from 2 to 30 million (Raven & Johnson, 1988).
Insects are most often of interest and concern to man when they adversely affect
economic activity, either by acting as vectors of disease or damaging commercial
crops. Insects are responsible for the transmission of many diseases to humans and
livestock; malaria, bubonic plague, sleeping sickness and some forms of yellow fever
and typhus are all transmitted by insect vectors. Phytophagous insects can also be
economically significant. Crop pests damage plants directly by reducing assimilative
or reproductive tissue and may also cause secondary damage by spreading fungal,
bacterial or viral diseases amongst plants.

Insects, in general, have short generation times and a high intrinsic rate of increase,
allowing rapid population growth. They are also mobile and are often capable of rapid
spread, increasing the problems involved in pest control. Much research has been
carried out on the underlying dynamics of insect populations in a bid to develop
control measures, a notable example is the larch bud moth (Zeiraphera diniana Gn.)
project which has been ongoing for over 40 years in Switzerland (for reviews see
Baltensweiler & Fischlin, 1987; 1988).
One of the most fundamental questions which can be asked about a species is; where
does it currently exist geographically and does it have the potential to persist
elsewhere. There are many applications to understanding the factors influencing the
spatial distribution of deleterious species. Increased intercontinental travel and trade
has improved the opportunities available to insects to overcome geographic
restrictions of movement from their area of origin, and it may be possible to predict
and pre-empt spread, both within land masses where the species presently exists, and
in currently uninhabited continents. If it is possible to predict whether or not an
introduced pest is likely to become established, quarantine procedures can be
implemented and relevant control strategies formulated. In addition, if an

understanding of the dynamics of the factors governing geographic range is attained,
predictions can be made concerning how alterations in global environment, such as
climatic change, may affect a species' current and potential distribution.

The potential range of a species has been defined by Munroe (1984) as 'the maximum
range which can be occupied without intrinsic change in tolerance of the population
or extrinsic change in the environment'. A particular species may not necessarily
occupy its entire potential range. It may not yet have had time to spread to the limits
of its potential distribution or it may have been prevented from doing so by
geographic barriers, quarantine measures or a lack of a suitable food source.
Populations are arranged unevenly within their distributional limits and the
investigation of the boundaries of the range and the relative density of populations
within cannot be separated. Andrewartha & Birch (1954) stated that 'distribution and
abundance are but the obverse and reverse aspects of the same problem'. It is of no
value simply to know whether or not a pest species will be able to exist at a location
without any indication of whether or not populations will be of a sufficient magnitude
to cause economically significant damage. In the past there has been debate over the
relative importance of biotic and abiotic factors in determining the distribution and
relative density of insect populations (Cammell & Knight, 1992). However, it is
generally accepted that climate is most often the principal factor limiting the
geographical distribution of insects, and that within climatically favourable areas
population density may be modified by the local habitat, availability and quality of
hosts and the action of natural enemies and competitors (Andrewartha & Birch, 1954;
Edwards & Heath, 1964; Huffaker, Berryman & Lame, 1984; Ferro, 1987).

Insects are ectothermic and therefore climatic factors, in particular temperature, affect
all aspects of their biology, including survival, reproduction and the movement of
individuals. Subsequently, the distribution and abundance of insect populations are
profoundly influenced by climate. Typically, there are upper and lower lethal
temperature limits between which an organism survives. Within these limits, there is
often a more restricted thermal range for growth and development and an even
narrower range for reproduction (Cammell & Knight,

1992). The range of

temperatures favourable for a species' development is related to the prevailing
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temperature in the organism's habitat (Andrewartha & Birch, 1954). Some insects can
survive and develop over a wide range of temperatures, others have narrower limits.
For example, the Banks grass mite, ()ligonychus pratensis Banks, undergoes
development at temperatures between 10 and 43 °C (Perring et al., 1984 cited in
Ferro, 1987), whereas the cave silphid beetle, Astagohius angusta/us, completes its
life cycle in ice grottos in which the temperature range is only -0.7 to 1.0 °C (Allee et
al., 1949 cited in Andrewartha & Birch, 1954). During each developmental stage of
an insect there is a geometric, often linear, increase in developmental rate with
increasing temperature between the threshold and the thermal maximum (Ferro,
1987). Linearity of developmental rate over a normal range of temperatures has been
recorded in over 300 insect species reported in the literature (Gilbert & Raworth,
1996). Although temperature is the most important climatic factor affecting insect
populations other variables are also known to influence survival and development.
Relative humidity tends to modify the effects of temperature (Cammell & Knight,
1992) and rainfall is also influential; too much moisture may be lethal directly, causing
drowning or dislodgement, or indirectly by encouraging the development and spread
of pathogenic micro-organisms (Ferro, 1987). Xeric conditions also influence
survival, especially in species with soil dwelling stages of development (Ferro, 1987).
Despite the constraints of ectothermia, insects can avoid adverse climatic conditions
to some extent, behaviourally by seeking shelter in more favourable micro-climates
and physiologically by entering a period of quiescence or diapause.

Since the early 1900s bioclimatic data have been widely used as the basis for pest
range prediction. An approach which has been applied extensively is to use
meteorological data from areas where the pest is known to occur to create
clirnatographs which are then compared with data from uncolonised locations.
Climatographs are constructed by plotting the monthly means of two climatic
variables against one another, the points are then joined to create a representative
polygonal diagram. The term climatograph was initially used to describe graphs
constructed from temperature and relative humidity data and hythergraph for those
employing temperature and rainfall, however in most reports, and herein, the term
climatograph is used regardless of the constituent meteorological factors. An early
example of the use of the climatograph is that of Cook (1925, cited in Cammel &
3

Knight, 1992) who described the potential distribution of the alfalfa weevil, Hypera
postica Gyll., throughout the United States by comparing climatographs from known
areas of indigenous infestation with data from uninfested locations. In a later paper,
Cook (1929) suggested a method of classification of distributional areas based on the
amount of injury caused by the pest and produced representative climatographs for
each area to give an indication of the likely severity of an introduced species. In this
ecological zonation method the distribution was split into two main categories
'absolute distribution' which represented the entire range and 'economic distribution'
which encompassed the areas in which the species was economically damaging.
Within the economic distribution zone pests were further split into three zones of
increasing degrees of destructiveness. The first was the zone where the pest was
normally damaging, the second where it was occasionally damaging, and the third
where the pest was only sporadically damaging. Temperature and rainfall from the
most severely infested areas were used as a basis for construction of a climatograph
representing optimal conditions. Cook (1931) suggested that such climatic
comparison of environments could be used to predict the probable future distribution
and relative severity of insect infestations in a new area, and he noted that this method
required no original study of the insects physiological responses. Similar methods
have been applied more recently to studies of insect distribution (Howe, 1963;
Freeman, 1977) and to describe and predict plant disease occurrence intensity
(Weltzien, 1972). Messenger (1974) reviewed the literature on bioclimatology but
reported little progress in the development of new techniques describing the potential
range and abundance of insects. More recently the development and increased use of
computer based models in ecology has allowed automation of climate matching.
BIOCLIM (Busby, 199 1) is a climate matching software package which is designed to
predict the potential distribution of ectothermic species. A profile of 116 climatic
parameters representing the optimal conditions specific to the organism under study is
created and compared with other locations.

Although climate matching has proved useful in predicting range it does not take into
account the individual species' response to climate. It may be difficult to identify
optimal conditions within a range. An insect may be present throughout an entire
continent but information on its abundance in the constituent countries may be
4

difficult to obtain and sampling methods and the perception of the relative importance
of the pest may vary between reports and regional cultural practice. In addition,
population density is influenced by biotic factors as well as climate and the assumption
that climate is solely responsible may be misleading. In an uncultivated environment
climate may determine the size of natural enemy and competitor populations and host
plant distribution. However, with the advent of modern agriculture, differences in host
plant cultivation between areas may significantly influence the density of crop pests,
particularly monophagous and oligophagous species, and therefore the relative size of
populations may be influenced by the local composition of arable crops. The temporal
availability of crops may also vary within the range. Where annual and biennial
varieties of the same crop are available, different forms are favoured in different areas
and where both are grown together hosts are available over a longer period. This may
be especially important in influencing population density of multi-voltine species
where more generations have access to an abundant and easily accessible host. In
conclusion, basing climatic range prediction upon reports of population density alone
may be misleading and therefore the incorporation of an indication of a species'
response to climate would be valuable.

There is difficulty involved in representing even the most simple natural systems. In
order to fully investigate the relationship between a species and its thermal
environment it is necessary to know; the effect of temperature on the development of
all stages of the insect's life cycle, the effect of temperature on all physiological
processes which affect birth and death rates, to have information on the temperatures
of micro-habitats of all stages and to have estimates of the rates of birth and death in a
natural population and a qualitative assessment of the contribution made to mortality
by different factors (Bursell, 1990). In addition, the effects of other climatic factors
such as precipitation and relative humidity would also have to be investigated. To
collect such information for a single species would be an enormous undertaking,
integrating ecological and physiological disciplines. Even if such information were
gathered there are also problems associated with the use of detailed models. Most
model parameters are statistical estimates and therefore have associated error, and the
risk of subsequent error propagation through a model must be taken into account. In
addition, research data from different sources can be disparate, field estimations of

bi

population parameters may be crude and the precision desired for use in a detailed
predictive model may be impossible to achieve (Worner,

1991). Worner (1991)

suggests that when the number of ecological variables, and their reliability of
measurement, are unacceptable the modeller should compromise and adopt a more
pragmatic approach. A balance is needed between simple climate matching techniques
and complex mathematical models of species climatic response. A possible solution to
this dilemma is the use of CLIMEX (Sutherst & Maywald, 1985), a computer based
simulation system which uses climatic indices and species-specific parameters to
determine areas favourable for the development and persistence of ectothermic
populations.

CLIMEX is defined as "a dynamic simulation model enabling the estimation of an
animal or plant's geographic distribution and relative abundance" (Skarratt, Sutherst
& Maywald, 1995). This computer-based system was developed in 1985 (Sutherst &
Maywald, 1985) to obtain a macro-view of the climatic requirements of pest species
without major research and data collection effort, such as that needed to develop a
population model (Sutherst, Maywald & Bottomley, 199 1). In CL1MEX, each species
is assigned a unique set of parameters which estimate its response to climate and
provide a single index describing the climatic favourability of a location (Sutherst &
Maywald, 1985). The parameter values are inferred from information on the species'
known distribution, relative abundance and seasonal phenology at different locations.
In addition parameter values can be compared to relevant experimental data
concerning the species' climatic response. Therefore CLIMEX provides different
levels of sophistication and confidence depending on the quality and quantity of the
input data. Essentially, the program allows the integration and interpretation of all
information available on the climatic requirements of the species of interest, in order
to make predictions of the suitability of the climatic conditions of currently
uninhabited locations. The concept behind the model is very similar to Cook's (1929)
ecological zonation method, as patterns of distribution and abundance are used to
infer climatic tolerance. However, CLIMEX's more sophisticated parameter-based
system makes comparison with physiological data easier, thus reducing the probability
that the effect of biotic factors could be mis-attributed to climate. In addition, the
incorporation of the effects of soil moisture on populations is unique to this program.
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As with any system, there are limitations associated with CLIMEX. The program is
based on the assumption that the distribution of ectothermic species is solely
determined by climate (Skarratt el al., 1995) and the effects of non-climatic limiting
factors must be considered if basing the parameter values solely on distribution and
abundance data. In addition, if the pest is only present in one continent and its
distribution there is the sole source of inference of the climatic factors limiting
distribution, there is a possibility that a lack of a liiil spectrum of climates in the area
of origin may lead to the incorrect identification of the limiting factors. However,
where parameter values can be compared to experimental results and the resultant
predictions of phenology compared with those in real locations the influence of other
factors is less likely to be as intrusive as in climate matching methods. When aware of
the program's limitations it is a useful and powerful tool for the integration of
available information concerning a species' climatic response, and as the output is in
the form of indices the user is not encouraged to interpret the results as absolute
values, but in a comparative manner.

In summary, CLIMEX is a useful tool for the integration of the available information
concerning a species' climatic requirements, allowing predictions of potential
distribution and relative abundance to be made in currently uncolonised areas. The
program allows differing levels of sophistication dependent on the quality of the data
utilised when assigning parameter values. Most confidence can be placed on
parameters when experimental data is available to corroborate values inferred from
the distribution, seasonal phenology and relative abundance of the species. As with all
climate based methods of range prediction the effects of non-climatic factors on
distribution and abundance must always be considered when predicting range.

CLIMEX has been used extensively since its introduction and examples of its use in
the literature are displayed in Table 1. 1.
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Table 1.1 Selected studies using CLIMEX to estimate the potential distributions of ectothermic organisms (continued overleaf)
Area of research
Pest risk assessment

Type of organism
invertebrate crop pest
Invertebrate parasite of livestock
Invertebrate crop pests
Entomophagous invertebrate
Invertebrate parasite of dogs
Weed
Invertebrate crop pest
Invertebrate parasite of cattle
Invertebrate parasite of livestock
Invertebrate parasite of livestock
Weed
Invertebrate parasite of cattle
Weed
Invertebrate parasites of cattle
invertebrate nuisance pest (wasp)
Invertebrate parasite of cattle
Invertebrate parasite of cattle

Species
Popillicijaponica
Chrysornya bezziana
Leplinotarsa decern/ineala, Cercititis cap/ida &
Bacirocera t,:yoiii
Aiherigona oriental/s
[)erniacenior i'ariahi/is
Abuti/on theophrasii
Diurciphis noxia
Rh.'picephaius appendiculatus & related species
Chrysomya hezziana & Cochiiornyia
I'iinuiii'orax
Chrysomya bezziana & ('ochiioniyia
honnnii'orax
Chrornolaena odorata
Rhipicep/ialus appendiculcitus
Emex austrauis & Eniex spinosa
Boophilus ni/crop/us, Haemaphysalis
longicorins & J-Jaernaiobia irri/ans irrilcins
Vespula germanica
Boophi/us microplus
Boophilus micropli.is

Reference
Allsopp, 1996
Atenzi et al., 1994
Baker, 1996
Cahill, 1992
Halliday & Sutherst, 1990
Holt & Boose, 1997
Hughes & Maywald, 1990
Lessard ci al., 1990
Mayer & Atzeni, 1993
Mayer, Atzeni & Butler, 1992
McFadyen, Skarratt & Cruttwell, 1996
Perry et al., 1991
Pheloung ci al., 1996
Ralph, 1987
Spradbery & Maywald, 1992
Saueressig & Honer, 1995
Sutherst, 1993

Table 1 .1 continued
Area of research
PRA (continued)

Suitability of biocontrol
agents

Effect of global warming

Species
Bacirocera Iryoni
Leptinoicirsa decemlineatci
Haen,aiohia irritans irri/ans

Reference
Sutherst & Maywald, 1991
Sutherst, Maywald & Bottomley, 1991
Sutherst ci al., 1991

Cemiiiis cap//a/cl & Lep/inolarsa
decein/ineala
Chryoiina species

Worner, 1988

Entomo-parasitic
invertebrate
Phytophagous invertebrate
Phytophagous invertebrate
and host
Entomo-parasitic
invertebrate and host
Phytophagous invertebrate
and host
Fungal phyto-pathogen

!vleiaseiuIus occidental/s

McDermott & Hoy, 1997

Perapion antiqilurn
A gas/c/es hygrophila (predator)
A liernanthera pin/oxeroides (host)
Anaphes diana (parasite) & Sitona discoideus
(host)
IVeochetina bruchi (predator) Eichhornia
crassipes (host)
J'hyiophthora Cinnanionn

Scott, 1992
Stewart ci cii., 1995

Invertebrate crop pest
Invertebrate crop pest
Invertebrate vector of
bluetongue virus in sheep
Invertebrate crop pest

Leptinotarsa decen,linea/a
Dasineura brassicae
Culicoides n'adai

Baker, Cannon & Walters, 1996
Hughes & Evans, 1996
Maywald & Sutherst, 1990

Leplinotarsa decenilineala

Sutherst, 1991

Type of organism
Invertebrate crop pest
Invertebrate crop pest
Invertebrate parasite of
cattle
Invertebrate crop pests
Phytophagous invertebrate

Adair & Scott, 1991

Worrier, Goidson & Frampton, 1989
Wright & Stegeman, 1990
Brasier, Dreyer & Aussenac, 1996

1.2) Aims
The aim of this project is to investigate the potential range of three insect pests of
oilseed rape (Brassica napus L.). The pests selected for study are; the cabbage seed
weevil, Ceutorhynchus ass/mi/is Payk. (Coleoptera: Curculionidae), the brassica pod
midge, Dasineura brassicae Winn. (Diptera: Cecidornyiidae) and the cabbage stern
flea beetle, F.sy//iodes chrysocephaki L. (Coleoptera: Chrysomelidae). The rationale
behind the choice of these particular species is briefly outlined below.

All three species are widespread and damaging pests of oilseed rape in Europe (Hill,
1987; Bromand, 1988; Lamb, 1989). D. hrcissicae and P. chrysocepha/a were chosen

for study as, although both are economically injurious pests of rape in England,
neither is currently considered to be a widespread or damaging pest of Scottish crops.
The current Scottish distribution of these two pests will be investigated and the
likelihood of future population expansion or increase will be assessed. In addition,
both D. brassicae and P. chrysocephci/a are confined to Europe and their potential
status as introduced pests in other rape growing continents will be estimated.
assimilis was chosen for study as it forms a complex with D. brassicae. Female
hrassicae are unable to penetrate the rape pods in which they lay their eggs and so
utilise the holes made by C. assim/lis' feeding and oviposition. The colonisation
potential of D. hrassicae in a new area is therefore dependent upon either the
presence of C. ass/mi/is or another pod damaging mechanism. The potential ranges of
the two species will be compared. In addition, C. a.ss'imi1/s has been present in the
United States for many years yet has not been reported as a pest on Canadian crops
(McCaffrey, 1992). C. asiniiiis' predicted colonisation ability in Canada, and in other
rape growing areas outwith its current distribution, will be presented. In summary, the
aims of this project are:
To investigate the current Scottish distribution, abundance and phenology of the
species.
To investigate the factors governing the current distribution and abundance of the
species, and to attempt to estimate the relative influence of those factors.
To predict the estimated world-wide potential range and colonisation ability of the
species.
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The first of the three aims will be investigated by implementing monitoring regimes in
Scottish oilseed rape crops. The second will be investigated through both
experimentation and analysis of information gathered from the literature. The resultant
data will be integrated and the CLIIV[EX simulation software will be used to make the
predictions of potential range stated in the third aim. Accordingly, the thesis has been
structured as shown in Figure 1.

General introduction
Aims
Introduction to oilseed rape and the insect pests under study

Investigation of the Scottish distribution, abundance and
seasonal phenology of all three species

Introduction to CLIMEX

I
Integration of information concerning species' climatic response and
data from experimentation to produce CLIMEX parameterisation

I
Prediction of potential world-wide range and colonisation
ability

I
Thesis discussion and conclusions

Figure 1. 1 Thesis structure
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1.3) Introduction to oilseed rape
Oilseed rape crops are cultivated for their seed. The seed is crushed to produce both
vegetable oil and a residual meal which is used as animal feed. Rape plant size varies
with species and cultivar, with the average maximum height being in the range of 80
to 150 cm (Weiss, 1983). Rape plants produce flowers on the main stem, axillary
racemes arising for the axils of the bracts and secondary branches arising from the
axillary racemes. Each unit of inflorescence consists of an elongated raceme bearing
bright yellow flowers. The seeds are borne in long narrow siliquae which shatter when
the seed is mature.
The term oilseed rape describes several species of oilseed crop belonging to the genus
Brasica (Cruciferae). The two most widely grown species are Brassica napus L. ssp.
oIefera (swede rape) and Brass/ca campestris L. ssp. oleifera (turnip rape,
synonymous with B. rapa). Although botanically different, together they are
commonly described as rapeseed. B. campes Iris is found throughout most of the
world, and is favoured in Eastern European and Scandinavian countries as it is less
susceptible to frost than other species (Scarisbrick, Atkinson & Asare, 1989).
B. napus is grown mainly in central Europe and the UK although it is also cultivated
in North America, alongside B. campestris. Other species include; Bra.ssicajuncea L.
which is predominantly grown in India and Brass/ca car/na/a L. which is cultivated in
Ethiopia (Weiss, 1983). In Canada and the United States any rapeseed which
produces oils containing less than 2 % ecruic acid and solids with less than 15 imol of
the four main aliphatic glucosinolates is commonly referred to as Canola, whilst
varieties in which these limits are exceeded are referred to as rapeseed (Sorevo,
1993). Canola is equivalent to double low rapeseed as defined by European
Community standards. Low ecruic acid content increases palatability and nutrition
when used in animal feed (Downey, 1990).

There are annual and biennial varieties of rape. The biennial crops are sown in the
autumn and must undergo vernalisation to become reproductively mature, 10 weeks
at 6 to 7 ° C is required to produce vernalised plants. Annual rape is planted in the
spring and is often preferred in areas where winter temperatures are too low to
support crop growth (Lammerink & Morice, 1969). Annual and biennial crops are
12

commonly referred to by their sowing dates, i.e. spring and winter rape respectively.
Spring and winter crop cultivation ratios are presented for selected countries in Table
1.2.
Table 1.2 Sowing time of crops in selected rape producing countries.
Country'

Dominant type
of rape grown

Country'

Dominant type
of rape grown

97
W
Austria
91
W
Belgium
78
W
Denmark
57
England & Wales (1994) W&S
100
S
Finland
99
W
France
95
W
Germany (east & west)
74
W
Luxembourg (1994)
t
100
S
Morocco (1992)
95
S
Norway
100
S
Romania (1990)
51
W&S
Scotland (1996)
53
W&S
Sweden (1992)
100
W
Switzerland
The data on the left are after Weiss (1983) except for * which is from McCaffrey (1992).
2 The right hand data are compiled from personal communications received from agricultural
agencies and Universities except for which is froin Lahmar, Filali & Sekkat (1992).
All data refers to 1993 unless otherwise stated.

Australia
Canada
Chile
India
Japan
Spain
USSR
USA*
Former Yugoslavia

W
S
W&S
S
W
S
W
W&S
W

References to rape cultivation in India, China and Japan date from 2000 BC and
European cultivation is thought to have occurred from the 13th century (Weiss,
1983). Oilseed rape is a temperate crop, growth is most vigorous between TO and
30 ° C with an optimum of around 20T, long periods above 30T result in high yield
loss (Sorevo, 1993). The crop's distribution was initially limited by climate, however,
cultivar selection has increased its range and it is now grown commercially
throughout much of the world. Rape cultivation has been recorded in; Canada, USA,
Europe, USSR (and associated states), China, Japan, India, northern Africa, South
America, Australia, New Zealand, Pakistan, Korea, Turkey, Bangladesh, Malaysia,
Indonesia and the Philippines (Weiss, 1983; Latimer et al., 1992; Lamb, 1989). Total
world rapeseed cultivation was 22 million hectares in 1996 (FAOSTAT Database).
The relative production of the main cultivation areas varies from year to year. During
the last five years the main producers have been Canada, China, India and Europe.

13

Figure 1.2 displays production from these areas during 1996 and their, percentage
share of world yield. Oilseed rape is grown throughout Europe, 3,61 5.882 ha were
cultivated in 1996 (FAOSTAT Database). Germany, France and the UK are the main
cultivators of European oilseed rape crops (Figure 1.3).
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Figure 1.2 Rapesced production in Europe, China, Canada and India during
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Figure 1 .3 Oilseed rape cultivation in selected European countries during
1996 (FAOSTAT Database).
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Prior to the 1960s, very little rape was grown in the UK. However, the establishment
of the EEC in 1966, and the introduction of a price support scheme for rape, led to a
rapid expansion of cultivation throughout the 1970s and early 1980s (Figure 1.4). The
US embargo on soya exports to Europe and the increasing popularity of rape as a
break crop was also influential in the increase of production (Anon., 1995). UK
cultivation has increased steadily since the early 1980s, withstanding several small
declines in the late 1980s due to uncertainty over subsidies and in the early 1990s due
to the introduction of set-aside, as farmers tended to maintain their wheat acreage but
reduce oilseed and barley crops (Anon.. 1995). Initially, most oilseeds were grown in
the southeastern counties of England, but during the late 1970s cultivation expanded
into the north and west midlands (Alford. Cooper & Williams, 1991). Rape is
currently grown throughout England, but is most abundant in the east of the country.
Very little rape is grown in Ireland or Wales.
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Figure 1.4 Oilseed rape cultivation in the UK from 1960 to 1994 (Source:
Anon., 1994)

Although prior to the 1980s oilseed rape cultivation was not established in Scotland,
the area sown has increased rapidly. Cultivation area doubled from 21000 to 45,000
Ha between 1986 and 1987. The increase in rape cultivation has continued steadily
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since the late 1980s and 52,000 Ha were cultivated in 1996. Within Scotland, rape is
grown in all regions (Figure 1.5). The greatest acreage is grown in Grampian which
accounts for 30 to 40 % of annual cultivation. Tayside grows 20 to 30 % and Fife and
the Borders are each responsible for around 10 % of overall crop area. Very little
rape, and indeed any arable crop, is grown in the west of the country, mainly due to
topography.
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Figure 1.5 Oilseed rape cultivation in Scotland, 1993 to 1996 (Data supplied
by the Scottish Office).

The relative proportions of spring and winter rape cultivation in the UK have also
changed over the last 30 years. In the early 1960s rape was mainly spring sown and
used as a break crop as an alternative to barley (Scarisbrick el al., 1989). Spring rape
crops dominated throughout the early 1970s but most increases post mid-70s were
due to cultivation of winter rape and this was the dominant form grown for the next
two decades (Alford el al., 1991). After 1993, expansion was again due to additional
spring crops being grown. In 1992 only 17 % of the English and Welsh crop was
spring rape, this had increased to 4') % by 1994 (Anon., 1995). A similar trend has
occurred in Scotland. In 1992, 32 % of the overall crop was spring rape, by 1996 just
under half of all crops sown were spring varieties (data supplied by the Scottish
Office). The rapid increase of spring crops sown can be attributed to a change in the
16

support scheme in 1992, from a yield based system, which favoured winter rape, to an
area based payment. Since the cost of growing spring varieties is lower the
profitability of spring rape cultivation increased.

Entomology of o,iseed rape
The huge increase in world-wide cultivation of rape has provided alternate and
abundant hosts for brassica feeding insects, and where winter and spring rape are
grown together the temporal availability of hosts is also increased (Winfield,

992).

Although all developmental stages of the crop are attacked, those insects which
damage the reproductive parts of the plant are the most detrimental. Insects feeding
on the vegetation are, in general, less damaging, with the exception of Psylliocles
ch,ysocephala whose larvae feed in the stems of winter rape seedlings and are an
important establishment pest of the crop.
Within the UK the most damaging pests of winter rape are; the cabbage stem flea
((_'eulorhynchus assirnilis) and the
beetle (P. chrysocephcila), the cabbage seed weevil
brassica pod midge (J)asineura hrassicae). Whilst in spring rape the most damaging
pest is the pollen beetle (Meligethes aeneus F.) (Bartlet 1996). The main UK rape
pests are listed in Table 1.3. All of the pest species found on UK crops are also found
on oilseed crops in mainland Europe and Scandinavia, although the economic
importance of each species varies geographically (Bromand, 1988).
Both B. napus and B. canipestris are of Mediterranean and Asian origin as are other
and
major cruciferous crops such as; B. nigra, B. juncea, B. aiba, B. oleracea
B. cilloglabrala (Weiss, 1983). The insects most harmful to crucifers also originate
from Europe and Asia and on other continents the pests damaging to rape are
generally imported or indigenous polyphagous species (Bonnemaison, 1964). Lamb
I'hyliotre!ci
(1989) lists the main pests of rape in Canada as hemipteran lygid spp.,
spp. (flea beetles) and lepidopteran larvae, all of which are polyphagous. Indigenous
oligophagous species are rarely very damaging to crucifers (Borinemaison, 1964).
Many of the important pests, such as C. assirnilis, are almost as widespread as the
crop itself. However, pest importance varies between locations. For example,
Phylloirela spp. are only occasionally damaging in the UK but are regarded as
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important pests in Canada and India (Lamb, 1989). In addition, Delia radicurn is only
considered a serious pest in some parts of Canada and in Finland, despite being
present throughout Europe and northern America (Tiittanen & Vans, 1960 and
Griffiths, 1986, both cited in Lamb, 1989) and the widespread hemipteran Lygzis spp.
are only classed as pests of rape in Canada (Butts & Lamb, 1991). As rape cultivation
extends geographically, it is likely that new native pest species will be identified.
Table 1.3 The main pests of oilseed rape in the UK (After Alford et al., 1991
and Lane, 1996).
Winter rape Spring rap
Stem borers
Cabbage stem flea beetle (P.sylliodes chrysocephala)
Cabbage stem weevil ((eutorhynchiis quadridens)
Rape winter stem weevil ((.euiorhynchus napi)
Inflorescence/bud pests
Brassica pod midge (Dasineura hrassicae)
Cabbage seed weevil (Ceutorhynchus assirnilis)
Pollen beetle (Ik'Ieligethes spp.)
Miscellaneous iests
Cabbage aphid (Brevicoryne brassicae)
Cabbage root fly (Delia radicurn)
Flea beetles (Phyllotrela spp.)
Cabbage leaf miner (Phylornyza rufipes)
Slugs (Deroceras spp.)

+
(+)
(+)

+

+
+

+
(+)

(+)

+

(+)
(+)

+
-

(+)

(+)
-

+

0
0

Incidental pests
Cutworms, leatherjackets, wireworms
+ = often damaging, (+) = occasionally damaging, - = of little or no importance, 0 = absent

1.4) Introduction to the insect pests under study
1.4. 1) ('eulorhynchus assirn ills (Cabbage seed weevil)
Adults are 2 to 3 mm long, dark grey with a pronounced rostrum (Figure 1.6). The
white larvae are 4 to 5 mm long and legless with a yellowish brown head capsule.

Life cycle
The weevil undergoes one generation per year. Adults emerge from overwintering
sites in soil, hedges and leaf litter from late April onwards and migrate to the crop

EI

(Williams & Free, 1978a). Maximum numbers of weevils are found during flowering
in mid to late May (Free & Williams, 1979a). The weevils feed on the crop for
between 2 to

3

weeks before the females' ovaries are fully developed and mating can

occur (Kirchner, 1961; Dmoch, 1965b; Free & Williams, 1979a). Eggs are laid singly
in pods through a hole in the pod wall made by the female. Females have been
reported to lay between 20 and 150 eggs during their lifespan (Ankersmit,
Bonnemaison,

1956;

957; Dmoch, 1965b, Lerin, 1991). The eggs hatch between 5 to 13

days after oviposition (Drnoch, 1965a; Williams 1976 cited in Bartlet, 1996) and the
developing larvae feed on the seeds. Larvae are found from mid-June (Free &
Williams, 1979a) and larval development lasts for 4 to 5 weeks (Williams & Free,
1978). Mature larvae cut an exit hole in the pod and fall to the ground to pupate for 9
to 2') days, emerging in July or August (Free & Williams, 1979a). Newly emerged
adults feed on rape or wild crucifers before entering diapause. Most of the previous
seasons overwintered weevils have died by late August (Williams, 1976 cited in
Bartlet, 1996).

r7*
Figure 1.6 Adult C. assimilis (x30 magnification)
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Damage to oilseed rape
Adult weevils do not cause damage of economic importance (Dmoch, 1965a;
Williams & Free, 1978). Overwintered adults cause no significant damage to the crop
(Williams & Free, 1978), although weevil punctures make the crop susceptible to
secondary infestation by pod midge (11). brassicae). Williams & Free (1978) found
that new generation adults caused some loss of seed weight when feeding on spring
rape before hibernation, but stated that damage was probably insignificant on a field
scale. All economic damage stems from larval feeding on seeds. Larvae have been
reported to damage between 17 and 22 % of seeds present (Gould, 1975; Free &
Williams, 1978a; Free, Ferguson & Winfield, 1983a). The weevil is a more serious
pest of winter rape than spring because of its phenology (Free & Williams, 1979a,
Bromand, 1988; Lane 1996). Infestation levels have been found to increase with the
number of years rape is grown in an area (Gould, 1975; Free & Williams, 1979a;
Winfield, 1992).

Ho.1 plants
C. assimilis feeding and oviposition is restricted to cruciferous plants (Brassicacae),
and the range of plants on which eggs are laid is narrower than those accepted as
adult food plants (Doucette, 1947; Dmoch, 1965a; Alford etal., 1991). The majority
of true hosts are cultivated crucifers and the weevil is only economically important on
crops that are cultivated for their seed.
Wild crucifers also act as hosts for C. assimilis and around 30 species have been
named as food plants, of these, only four have been found to be true hosts. These are;
wild mustard (Sinapis arvensis), wild radish/jointed charlock

(Rap hanus

rap hanistrum), pepperwort (Lepidium campesire) and narrow-leafed pepperwort
(Lepidium ruderale) (Doucette, 1947; Dmoch 1965a; Alford el al., 1991). Free &
Williams (1978b) found that C. ass/mi/is showed no innate preferences for different
true host crucifers but become conditioned on the plants on which they fed and
subsequently preferred them.
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1

.4.2) Dasineura brassicae (Brassicapod midge)

Adults are 1.2 to 1.5 mm long and black-brown in colour. The abdomen is reddish
with brown lateral bands. The antennae are moniliform and are longer in the male.
The female has a pronounced ovipositor (Figures 1.7 and 1.8). The legless larvae are
0.5 to 1.5 mm long and there are three larval instars. Larvae are initially transparent,
turning white then bright orange as development progresses.

Lift cycle
The midge is multi-voltine and both winter and spring rape are attacked. Adults
emerge in the spring from fields in which brassicas have been grown the previous
year. Adults do not feed and live for I to 3 days (Sylvén, 1949; Ankersmit, 1956;
Ahman, 1985a). Mating occurs at the emergence site and only female nudges disperse
to find host plants (Sylvén, 1949). First flight of the midge usually coincides with
flowering in May (Pi1n, 1972; Sckroki, 1979; Williams, Martin & Kelm, 1987a).
D. brassicae has a weak ovipositor and egg laying is confined to pods which are
already punctured or damaged. Mainly feeding or oviposition holes of C. ass/nil/is are
utilised (Ankersmit, 1956; Stechmann & Schutte, 1978; Free, Ferguson & Winfield,
1983a) but later generations may oviposit in pods damaged by wind or fungal disease
(Winfield, 1992). The female lays eggs in groups of up to 60 (Paul & Rawlinson,
1992) although the mean number of eggs laid by insects in the laboratory was found
to be 25 (Ankersmit, 1956). Larvae feed on the pericarp before falling to the ground
and pupating in the soil. Egg and larval development takes around two weeks, as does
Pupation (Sylvén, 1949; Williams et al., 1987a). With each successive generation an
increasing proportion do not pupate but diapause as larva within cocoons (Pilni,
1972; Cza.jkowska, 1978). Diapause can last for up to 5 years (Sylvén, 1949;
Ankersmit, 1956; Williams etal., 1987a).
Three to four yearly generations were recorded at Rothamsted in south east England;
two overlapping generations in May and June, a third in July and a fourth in August
(Anon., 1983 cited in Winfield, 1992). Four generations of D. brassicae per year are
also reported from Sweden (Ahman, 1986), Czechoslovakia (Piln, 1972), Denmark
(Axelsen, 1993a) and Poland (Czajkowska, 1978). At all four locations the first three
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Figure 1.7 Male D. brassicae adult (x 30 magnification)

Figure 1.8 Female L). brassiccie adult (x 30 magnification)

generations are supported by a combination of winter and spring crops and the fourth
by alternative cruciferous hosts. Williams et cii. (1987 a&b) reported two generations
on both winter and spring crops. Two generations on winter rape have also been
noted in; France (Coutin & Riom, 1970), Poland (Czajkowska, 1978), Sweden
(Sylvén, 1949), Germany (Bühl, 1960 cited in Williams et al., 1987a) and
Czechoslovakia (Puny, 1972).

Damage to oilseed rape
All economic damage stems from larval feeding on the pod wall, causing radial
swelling and yellowing of the pod, eventually leading to premature dehiscence and
shedding of seed. Therefore the midge is only economically important on brassica
crops which are cultivated for their seed. Seed loss in infested pods is around 90 to
95 % (Sylvén, 1949). Often only the first, and largest, generation is injurious to crops
and therefore winter rape is more heavily attacked than spring (Paul & Rawlinson,
1992; Bromand, 1988). The midge is only economically important where large
populations of C. cissinillis are present (Paul & Rawlinson, 1992) and crop borders
and headlands are most heavily infested (Ankersmit, 1956; Winfield, 1967; Graham,
1981; Free, Ferguson and Winfield, 1983a). D. hrcissicae is considered to be a weak
flier, no more than 1 km is flown in host finding (Hornig, 1981 cited in Kruger, 1983)
and the locating of crops 0.4 to 0.8 km away from the previous years site is often
enough to ensure little or no attack in the subsequent season (Winfield, 1992).

Host plants
D. hrcissiccie only

oviposits in the pods of crucifers and its oviposition host range is

narrower than that of C. assinillis whose damage is often used to gain access to the
pod (Ahman, 1985b & 1988).

1.4.3) Psy/liodes chrycocephala (Cabbage stern flea beetle)
Adult P. chrysocephala are 3 to 4.5 mm long, and are considerably larger than other
species of flea beetle found on rape. The adult is metallic blue-black with pronounced
hind femurs (Figure 1.9). There are three larval instars. The creamy-white larvae are 7
to 8 mm long and have three pairs of thoracic legs and a dark brown head capsule.
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Figure 1.9 Adult P. chrysocephaki (00 magnification)

Life cycle
P. chrysocephala is univoltine. Adults emerge from pupation in the soil from May
onwards. The beetles migrate to host plants to feed, and remain on the crop until
aestivation in mid-July (Ebbe-Nyman, 1952; Bonnemaison & Jourdheuil, 1954;
Williams & Carden, 1961). Aestivating adults can be found in hedges, rape stubble
and between the leaves of plants (Kauffman, 1941; Bonnemaison & Jourdheuill,
1954). Adults emerge from aestivation during the last two weeks of August
(Bonnemaison & Jourdheuil, 1954; Alford, 1979) and migrate to seedling rape crops
to feed. Mating and oviposition occur throughout the autumn and winter (EbbeNyman, 1952; Alford, 1979). The female lays her eggs in cracks in the soil near the
base of the plant (Sáringer, 1984) and between 700 and 1000 eggs are laid per female
(Godan, 1951; Kruger, 1983). The timing of larval attack varies considerably from
year to year and is temperature dependent (Alford, 1979). Larvae penetrate the plant
and mine the stem and petioles during the autumn (Bonnemaison & Jourdheuil, 1954).
From February onwards numbers of larvae in the plants decline as they leave to
pupate in the soil (Bonnemaison & Jourdheuil, 1954; Williams & Carden, 1961).
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Overwintering adult numbers decline during winter and few are found after April
(Williams & Carden, 1961).

Damage to of/seed rape
Larval damage is far more economically significant than the mainly superficial damage
caused by adult feeding. Even low levels of larval infestation cause an overall lack of
vigour leading to lower yields (Bonnemaison & Jourdheuil, 1954; Alford el al., 1991).
The growing point of the plant can also be damaged during larval infestation (Paul &
Rawlinson, 1992). In addition, infection of rape crops by canker (Leptasphaeria
Inacu/ans

Fr.) has been found to be associated with damage by P. chiysocepha/a

larvae (Newman and Plumridge, 1983 cited in Alford el a!, 1991). Because of the
phenology of the species, only winter rape is attacked (Bonnemaison & Jourdheuil,
1954; Lane, 1996).

Host plants
P. chryocepha/a

feeds only on crucifers (Godan, 1951; Bonnemaison & Jourdheuil,

1954; Bartlet & Williams, 1991 cited in Bartlet, 1996) and attacks most brassica seed

crops (Winfield, 1992).
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Chapter Two
Investigation of the Scottish distribution, abundance
and seasonal phenology of C. ass/mills, D. brass/cue
and P. chrysocephala
2.1) Introduction
This chapter aims to investigate the Scottish distribution, relative abundance and
phenology of C. ass//ni/is, D. brassicae and P. chrysocephala. The chapter is
structured as follows, a review of information concerning the UK distribution of all
three species is presented, followed by an introduction to the sampling procedures
implemented, outlining the rationale behind the regimes applied. The methods
employed during the sampling regimes are then described in chronological order, and
the results discussed in relation to each species individually.

2.2) UK distributions of C. ass/mills, D. hrassicae and P. chrysocephala
2.2. 1) Ceutorhynchus ass/in//is
ass/ti/is is widely distributed in England and is found wherever rape is grown
(Edwards, 1964; Bartlet, 1996; Lane, 1996). Population numbers vary from season to
season (Lane & Cooper, 1989). ADAS sample a minimum of 50 unsprayed winter
rape crops annually and Walters & Lane (1 994) analysed C. ass/mi/is numbers
between 1981-91 and found that both mean annual infestation and the number of
crops exceeding threshold was variable with no clear trend over time. In 1992, 36,000
Ha (around 10 % of total cultivation) were treated for seed weevil in England (Anon,
1993). Of the three species under study only ('. assimilis is a widespread and
damaging pest in Scotland (Coil, 1991).

2.2.2) 1)asineura hrassicae
brassicae has been described as an important and widespread pest of oilseed rape
in the UK, and is present throughout England. However, population levels are
generally low, with damaging outbreaks remaining localised (Savage, 1982; Williams
et a/., 1987b; Lane, 1996). Although D. brassicae's presence has been recorded on
crops in localised areas of Morayshire in northern Scotland (Coil, 1991), its incidence
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has not been investigated or widely reported in Scotland and no further information is
available concerning its distribution or abundance in this country. The species is not
commonly regarded as a pest on Scottish crops

2.2.3) Psylliodes chiysocephala
Within the UK, P. chrysocephala is the most important establishment pest of winter
rape, leading to yield losses of up to 20 % (Lane & Cooper, 1989). The beetle's
spread northwards from the south east of England over the last 40 years has been well
documented (Williams & Carden, 1961, Graham & Alford, 1981; John & Holliday,
984). Currently, the beetle is widespread in England and Wales, occurring in most
areas where oilseed rape is widely grown (Lane and Walters. 1993; Lane, Holliday &
Walters, 1995). However, P. chiysocepha/a numbers have been reduced dramatically
in the last few years by repeated use of autumn insecticides. In 1990, 90 % of English
crops were treated for the beetle, by 1995 only 20 % required treatment (Johnson,
1995).

P. chryocephciia is not considered to be an important pest of oilseed rape in
Scotland, despite the fact that Foster (1986) reports that the species is widespread in
lowland areas. Foster (1986) refers to unpublished data which were collected as part
of a long-term survey of brassica crops using yellow water traps baited with allyl
isothiocyanate. Monitoring was carried out by the Department of Environmental
Science, Scottish Agricultural College, Auchincruive, annually between 1978 and
1987. Traps were maintained at between three to eight sites annually, in total ten
locations were monitored over the ten year survey period and P. chtysocepha/a was
found, albeit at very low levels, at nine of those sites at some point during the survey.
Other than this study, the Scottish distribution of P.chrpsocephala has not been
documented. However, P. chr ysocep ha/a is not considered to be of economic
significance in Scotland (Coll, 1991), and crops are not routinely sampled or treated
for its presence.
2.3) Introduction to sampling regimes
Many strategies have been used to monitor the insect pests of oilseed rape. Common
methods include; soil sampling, the use of emergence traps to detect insects leaving
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the soil and yellow traps to monitor adult invasion and infestation of the crop. Sweep
nets are used to collect insects present on the outer surfaces of the plant and plant
collections and dissection are used to monitor those stages dwelling within. In most
studies a range of trapping methods are used, for example, Williams et al. (1987 a&b)
used a combination of emergence traps, yellow water traps, yellow sticky traps, soil
samples and plant collections to monitor the phenology of emergence and infestation
of rape by D. hrassicae, whilst Buchs (1993) implemented a regime involving plant
sampling, emergence traps, yellow water traps, funnel traps and soil flooding to
investigate the occurrence of the six main German oilseed rape pests.

Whilst the methods and timing of sampling vary when targeting different species of
insect, the most commonly used method of monitoring the invertebrate pests of
oilseed rape is the yellow trap. Yellow traps feature in practically every published
survey of the invertebrate fauna of rape crops and have been used to monitor all three
of the pest species under study (D. brassicue by Williams, Martin & Kelm, 1987 a&b;
A.xelsen, 1992b, P. chrysocephala by John & Holliday, 1984 1 BUchs, 1993,
C. ass/nil/is by Dmoch, 1965a, Sediv' & Kocourek, 1994). Yellow trap design and
method of capture varies, some traps rely on an adhesive surface to trap insects as
they alight and others contain a reservoir of water in which the insects drown. Whilst
most of the methods employed during insect sampling are purely mechanical, the
yellow trap is attractive to the insect. Many herbivorous insects respond positively to
the dominant foliar reflectance-transmittance hue of 500 to 580 nm (representing
green (500-560 nm) and yellow (580 nm)), and to a greater extent the colour yellow
which acts as a super-normal stimulus (Prokopy & Owens, 1983). Evans & AllenWilliams (1989) found that both male and female D. brass/cue adults responded
positively to the visual stimulus of yellow rape flowers when olfactory stimuli were
removed. In addition, Free & Williams (1 978b) found that C. ass/ni/i/s favoured rape
plants with opened and yellow bud flowers to those with green buds. C. ass/mills has
also shown to be attracted to yellow traps whilst finding white, green and black traps
unattractive (Smart et al., 1997). Baits are often used in conjunction with yellow traps
to increase trap attractiveness further and all three species of pest under investigation
have been shown to be attracted by either crude rape extracts or the component
volatiles of oilseed rape. Both Williams & Martin (1986) and Evans & Allen-Williams
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(1989) found that mated female D. hrassicae showed a significant positive response
to rape leaf odour in olfactometer studies. Evans & Allen-Williams (1989) also found
that emergence site traps baited with methanol extracts of leaves and flowers caught
more male midges than those baited with methanol alone and, within crops, traps
baited with leaf extract caught more females than other traps. In addition, Lerin
(1984) found that phenyl isothiocyanate, a volatile component of rape, attracted male
D. hrassicae when used in conjunction with yellow traps in the field. C. ass/nil/is has
also been shown to be attracted to the odours of both rape flowers and vegetation in
linear track olfactometer experiments (Bartlet et at., 1993, Bartlet el at., 1997). In
field experiments adult weevils have also been shown to orientate towards volatiles
released from oilseed rape (Evans, 1991; Evans & Allen-Williams, 1992; KjaerPedersen, 1992) and to be attracted to traps baited with extracts of cruciferous plants
(Free & Williams 1978b; Evans & Allen-Williams, 1993). P. chiysocepha/ci larvae and
adults have also been shown to be attracted to components of rape odour (Queinnec.
1967 cited in Bartlet etal. 1992).

A combination of sampling methods, including the use of baited yellow water traps,
were used in the monitoring regimes employed during this study. Sampling was
designed to take into account the life cycles and phenology of all three species. The
primary aim of the sampling programme was to investigate the Scottish distribution of
D. hrassicae and P. chiysocephala, and also to attempt to elucidate the seasonal
phenology and relative population density of all three species under study. Traps were
confined to the margins of the crops during monitoring, this was partly to reduce
disturbance and damage to the commercial crops monitored, and also due to the fact
that during immigration all three pests infest the edges of the crop to a greater degree
than the centre (Free & Williams, 1979b). Post-immigration, D. hraiccie continue to
be confined to the crop edges for oviposition whilst the more robust C. ass/mi/is and
P. chrysocephala distribute themselves throughout the crop as the season progresses,
whilst still remaining at higher levels at the edges (Free & Williams, 1979b; Buchs,
1993). In addition to the regimes described, any crop on which Scottish Agricultural
College (SAC) advisors or local farmers reported signs of possible D. brassicae or
P. c/irysoeepha/a damage or incidence were also visited. The methods employed
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during the sampling regimes are reported in chronological order and the results are
then reported separately for each species. All results are listed in Appendix 1.

2.4) Sampling regimes 1993
2.4.1) Plant dissection for stein-dwelling larvae
The Crop Optimisation by Integrated Risk Evaluation (COIRE) project was designed
to identify the major environmental variables determining the disease, pest and weed
populations in winter oilseed rape and wheat in Scotland (McRoberts el al. 1994). In
the first (1993/94) and third (1995/96) years of this project I was responsible for the
dissection of winter rape seedlings for inspection for the presence of stern-dwelling
pests, in particular the larvae of P. chrysocephala.
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Figure 2.1 Location of winter rape crops monitored during the first year of

the COIRE project (1993/1994).
Forty nine winter oilseed rape crops were monitored during 1993/1994 (Figure 2.1).
At each site ten sampling points were marked, in pairs, along a w-shaped transect.
The sampling points were arranged so that three pairs of samples were in the body of
the crop and two were in the crop margins (Figure 2.2). Ten plants were collected
randomly from a 0.25 m 2 quadrat placed at each sampling point'. Where crops were

Plants were collected by SAC technical staff.
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Figure 2.2 Position of sampling points during COIRE project assessments

The stem and petioles of each plant were sliced into a series of longitudinal layers
using a scalpel. I he plant material was inspected for larvae and larval tunnels as each
section was removed. Where larvae were found they were identified to order and
were reared to adults for species identification.

2.4.2) Yellow water traps - Scottish Borders
Unbaiteci yellow water traps were maintained at five winter rape sites, one in East
Lothian and four in the Scottish Borders (Figure 23), during the autumn of 1993. The
traps were designed to monitor adult P. chy.socepha/a presence. Two traps were
maintained at each site and were placed on the ground in the margins of the crop.
Traps were emptied weekly between the 28th of October and the 6th of December 2 .

Traps were maintained by advisors from the SAC St Boswells advisory office.
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Figure 2.3 Locations of winter rape crops monitored during autumn 1993

Yellow trap construction and maintenance
Yellow water traps were constructed from small plastic gravel trays (22 cm by 16 cm
by 5 cm). Al! surfaces of the tray were painted yellow (B&Q self-undercoating
exterior gloss in cornfield yellow). Overflow holes were drilled to reduce the risk of
trap content loss during heavy rainfall. The 5 mm holes were placed at each corner,
1.5 cm below the rim, and were covered with fine mesh. The traps were filled to two

thirds of their depth with water containing a little detergent and formaldehyde, to
reduce surface tension and minimise insect decomposition respectively. Traps were
emptied in the field by straining the water through squares of fine mesh held over a
tea-strainer. The mesh was returned to the laboratory where the insects were floated
from the material, using a 70 % industrial methylated spirits (IMS) solution.

2.5) Sampling regime 1994 - Yellow trap survey
This initial country-wide sampling regime consisted of a survey of the composition of
the invertebrate fauna of Scottish oilseed crops using baited yellow water traps. The
study was designed to provide preliminary data on the distribution of the species
under study as a starting point for subsequent monitoring. Yellow traps were placed
in 42 oilseed rape crops, 29 winter and 13 spring varieties, at 35 sites throughout
Scotland (Figure 2.4). The traps were present in the crops for varying lengths of time
according to location and were not emptied at regular intervals at all sites 3

.

Trap contents were emptied by both SAC and private agricultural advisors who were taking part in
the SAC oilseed rape adopt-a-crop scheme,
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Figure 2.4 Locations of oilseed rape crops monitored using yellow water
traps during 1994.
Traps were constructed and maintained as described in section 2.4.2. They were
placed in the field margins, on boundary walls or fences where possible to raise the
structure to canopy level or above, where this was not possible they were placed just
out from the crop edge, preferably on bare ground, or in tramlines in the crop
lital-gins.

Bait dispenser construction and oihveed rape

extract formulation

A 3 cm length of tubular foam (pipe insulation foam) was glued to the centre of the
trap to hold the bait dispenser steady. The dispenser consisted of a clear, plastic
screw-top tube (height 10 cm, diameter 3.5 cm). Five holes were made in the lid of
the tube, one centrally (4 mm diameter) and four smaller holes equidistant around the
circumference (2 mm diameter). The outer holes accommodated a framework
constructed from garden wire which supported a fine muslin tube. The muslin was
tied at the apex with cotton and secured on the underside of the lid. The wick was
made from 24 cm lengths of thick garden twine doubled lengthways with the hoop
emerging through the central hole into the protective hood (Evans, 1991).

The bait used in conjunction with the yellow water traps was prepared from
glasshouse grown oilseed rape leaves (B. napus, cultivar Rocket). Freshly removed
leaves were torn roughly and then liquidised with a 70 % IMS solution to a formula of
2 x volume IMS per unit weight vegetation (Evans & Allen-Williams, 1993). The
blended mixture was left to stand for 2 to 3 hours before straining. The resultant
liquid was stored at 4 °C for no longer than 3 to 4 days until use. Bait was replaced
weekly in the field.

2.6) Sampling regimes 1995
2.6. 1) Plant dissection for stern dwelling larvae
Plants were collected from 49 sites between the 12th of November and the 5th of
December for dissection for P. chrysocephala larvae as part of the COIRE project.
(procedures as described in section 2.4. 1).

2.6.2) Intensive monitoring, Sarnuelston, East Lothian
South Mains of Samuelston Farm in East Lothian (NT 478 685) was used as a
location for intensive monitoring of oilseed rape crops. The site was chosen as low
levels of D. brassicae larvae had been observed in the pods of a winter rape crop at
this location in 1994. This field was subsequently planted with winter wheat and was
monitored as an emergence site. An adjacent winter rape crop, and a spring crop
located half a mile away, were also monitored. A combination of baited yellow water
traps (constructed as detailed in section 2.4.2), emergence traps and soil and plant
sampling were used during this initiative.

Emergence site

One hundred and twenty soil samples were taken from the margins of the emergence
site over six fortnightly visits between late January and late April. Soil samples were
taken to attempt to identify areas in which D. bras.icae pupae were present to
optimise monitoring of adult emergence, and also to investigate P. chryocepha/a
pupal presence. On the 17th of March 10 emergence traps and 10 baited yellow water
traps were placed in the margins of the crop to monitor the emergence of adult

D. brass/we from the soil. Traps were placed on the ground in the margins of the
crop and were emptied every 10 to 14 days until removal in late May.

Winter rape crop

At each of the six soil sampling visits 25 plants were collected from the winter rape
crop, to be inspected for the presence of P. ehiysocephala larvae. On the 7th of
February 10 baited yellow water traps were placed in the margins of the winter crop.
The yellow traps were nailed to 1.8 m wooden stakes in the crop margins and trap
height was adjusted throughout the season to ensure that the traps were always at
average canopy level. Initially yellow trap presence was designed to monitor adult
P. chiysocephala overwintering from the previous season, and then as the season
progressed, to monitor the invasion of adults of all three pest species. Ten emergence
traps were placed alongside the yellow traps on the 1 5th of May. The emergence traps
were placed in the margins of the crop and their position moved at each visit to
increase the likelihood of obtaining adult D. brassicae from the soil. All traps were
emptied every 7 to 10 days until removal on the 30th of July.

Spring rape crop

Ten yellow traps were placed in the spring rape crop on the 15th of May, the traps
were maintained at crop canopy level. The yellow traps were joined by 10 emergence
traps on the 2nd of June. Emergence trap position was moved at each visit. All traps
were emptied every 7 to 10 days until removal on the 18th of August.

Soil sampling procedure

Soil samples were taken using a steel corer (radius 6.5 cm, height 10 cm). The
samples were washed through a series of sieves (final sieve mesh size 355 tms) and
the resultant material was placed in a filter paper-lined funnel. Water was added to the
funnel and pupae were removed as they floated to the surface. The removal of the
Pupae was a repetitive process involving regular stirring and refilling of the medium
until no further pupae were retrieved.
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Emergence Irap construction
Emergence traps were constructed from large plastic plant pots (25 cm height, 26.5
cm base diameter, base area 0.55 m 2 ) ( Figure 2.5). A central hole (2.5 cm diameter)
was bored in the base of the pot and the circular array of pre-existing drainage holes
were covered from the inside with a ring of card. The pot was then turned upside
down and a cylindrical plastic collecting chamber was placed over the hole to collect
positively phototactic arthropods emerging from the soil. The collecting chamber
consisted of a cylinder made from thin (0.2 mm) clear plastic sheeting, containing a
basic cone-shaped funnel made from the same material (Figure 2.5). The funnel was
designed to discourage the insects from leaving the collecting chamber once captured
and also to prevent the insects falling back into the base if death occurred before
collection. The top of the collecting cylinder was covered with cling film held with an
elastic band to allow access for collection. The base of the trap was sunk into the soil
to a depth of 3 cm to provide anchorage. The entire trap was covered with a heavyduty clear plastic bag to provide protection from the elements. Insects trapped within
the collecting cylinders were removed using a pooter and returned to the laboratory
for identification.

18 cm

25 cm
7 cm

.6.5cm

5

C

Figure 2.5 Base and collection chamber of emergence traps
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2.6.3) Plant collections of volunteer 1- ape in East Central Scotland
Eleven volunteer rape sites, on roadside verges and set-a-side land, were visited in
mid to late October to monitor P. chrysocephala presence (Figure 2.6). Insects
present on the foliage of the plants were collected using a sweep net (cotton net,
radius 0.5 m), species other than P. chrysocephala were disregarded. After sweep
netting, between 50 and 100 plants were collected per site and taken back to the
laboratory. The plants, 985 in total, were dissected to monitor P. chrvsocephala larval
presence, as detailed in section 2.4. 1.
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Figure 2.6 Locations of volunteer rape collections during October 1995

2.7) Sampling regimes 1996
2.7. I) Intensive monitoring, Scottish Borders
A second intensive monitoring regime was implemented at two rape crops and an
emergence site in the Scottish Borders. The emergence site and the winter crop were
situated at Butchercote Farm near Galashiels (NT 629 340) and the spring rape crop
was located at the adjacent Mertoun Estates (NT 622 338). Meteorological data was
collected at Butchercote Farm. All traps were constructed and maintained as detailed
in the previous sections.
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Emergence s/Ic
Spring oilseed rape had been cultivated at this site during 1995 and D. brass/cue
infestation of the crop had been recorded. The field had been subsequently sown with
winter wheat. Twenty soil samples were taken from the margins of the crop at each of
six fortnightly visits between the 3rd of February and the 20th of April (120 samples
in total). Samples were inspected for D. brass/cue and P. chiysocephala pupae (soil
sampling procedure as detailed in section 2.6.2). Pupae found were dissected (x 40
magnification) and the developmental stage of the insect was recorded, as was the
presence of parasites. Twenty baited yellow water traps and 15 emergence traps were
placed on the ground in the headland and roadside margin of the crop on the 3rd of
February. The yellow traps were evenly spaced 4 metres apart with the emergence
traps equidistant between them. The emergence traps were not moved during the
sampling period. All traps were emptied weekly until removal on the 13th of July.

Winier rape crop
Twenty five plants were collected from the winter rape crop at each of six fortnightly
visits between early February and late April. Plants were collected at random from the
margins of the crop and were taken back to the laboratory for inspection for
P. chiysocephala larvae (as detailed in section 2.4. 1). Twenty baited yellow water

traps, attached to 1.8 m stakes and maintained at average canopy level, were placed in
the headland and roadside margin of the winter rape crop on the 3rd of February. On
the 9th of June, 15 emergence traps were placed in the crop, their position was moved
weekly. All traps were emptied weekly until the final sampling date on the 1 st of
August. In addition, a sweep net was used to collect insects present on the foliage of
the crop at each visit. The sweep net was used throughout the crop wherever access
could be gained, via tramlines and along borders, for approximately 20 to 30 minutes
per visit. As sweep netting was intended to monitor the rarer species under study
ass/in/I/s presence was disregarded. When pods were present within the crop, a
visual survey was undertaken during the sweep netting for signs of D. brass/cue
infestation. Where signs of midge damage were apparent the pods were opened in s/lit
and larval presence recorded. Ten racemes were also collected at random from the
borders of the crop and returned to the laboratory where the pods were dissected for
hrass,cae and C. ass/mills larval infestation.
3

Spring rape crop
Twenty yellow traps, attached to 1.8 ni stakes at average canopy level, were placed in
the spring crop on the 19th of May. These were joined by 15 emergence traps on the
13th of July whose position was moved weekly. All traps were removed on the 7th of
September. Sweep netting and pod collections were carried out as described in the
winter rape section.

Meteorological Data Collection
Icespy, an electronic temperature logger (model 1S4, Silver -tree Engineering Ltd, West
Cornwall Enterprise Centre, Cardrew Way, Redruth, Cornwall) was used to record
temperature at Butchercote Farm during the sampling period. Of the four temperature
probes available, two were active, one recording soil temperature at a depth of 10 cm
and the other recording air temperature. The logger was housed in a lidless wooden
box (35 cm x 50 cm x 30 cm). The box was upturned and one end was removed,
allowing the air temperature probe to record ambient shade temperature. The logger
is capable of recording temperature at one minute intervals for up to nine months
without recharging. During this study the logger was programmed to record
temperature every fifteen minutes. At the end of the sampling period the data logged
was downloaded to a personal computer using the associated software. In addition, a
100 ml measuring cylinder was used to estimate weekly rainfall.

2.7.2)

Scottish survey 1996

A second Scotland-wide survey was undertaken, involving sweep netting and plant
sampling in 36 crops (20 winter and 16 spring rape) at 34 sites stretching from Girvan
to Elgin (Figure 2.7). Each crop was visited twice, once at flowering and once during
pod development. These visits were made only on dry and, where possible, sunny or
bright days. Weather conditions and crop growth stage during sampling were
recorded as was pesticide usage on the crop. There were also two extra, early season
visits to several of the winter rape crops to investigate P. chrysocephala presence
(Figure 2.8).
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Figure 2.7 Location of 36 crops monitored during country wide survey in
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Figure 2.8 Location of winter rape crops receiving additional early visits
during 1996 monitoring.
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Sampling methods - early visits
Five of the winter rape crops monitored were visited in late February. At each site 50
plants were collected at random from the crop margins and taken back to the
laboratory for dissection for P. chry.s'ocephala larvae (as described in section 2.4.1). A
sweep net was also used for roughly 20 minutes at each site during this visit to check
for the presence of overwintering adult flea beetles. These five sites, along with a
further seven (Figure 2.8), were revisited in late April/early May to check for the
presence of newly emerged P. chrysocephaki adults feeding on the crop prior to
aestivation. A sweep net was used to collect insects from the plants for 30 to 45
minutes at each site.

Sampling in ethods -flowering
On the winter crop, the first sampling visits took place between late May and early
June, with a median sampling date of the 24th of May. The sampling at yellow
bud/early flowering in spring crops took place in June, with a median sampling date of
the 17th. The mean growth stages at sampling were G.S. 4,4 and 4,1 respectively. A
sweep net was used to collect insects present on the flowers and developing pods of
the crop. Each bout of sweep netting consisted of five horizontal strokes of the net
across the flower heads in a back and forth motion covering the 180 degrees in front
of the body whilst progressing five paces forward. After every five strokes the net
contents were removed using a pooter. Twenty bouts of sweep netting were
undertaken at each site at 5 metre intervals along the nearest crop margin from the
field access point. The insects collected were taken back to the laboratory for
identification, and numbers per 100 strokes were recorded.

An indication of the mean number of C. ass/mi/is per plant was gained by shaking
individual plants over a tray and recording the number of adult weevils collected. Fifty
plants were sampled per site, at one metre intervals from the crop margin into the
crop, using plants undisturbed by the earlier sweep netting.

In addition to the above procedures around 30 minutes were spent sweep netting at
random at each site in order to monitor the rarer species of crop pest. When found
their presence was noted whilst the more ubiquitous species were disregarded.

Sampling methods - pod development
The winter rape crops were sampled in July and early August, with a median sampling
date of the 11th of July and the spring crops were visited in late July and August, with
a median of the 18th of August. The mean growth stages at sampling were G.S. 6,0
and 6,3 respectively. The first 30 minutes of each visit were spent using the sweep net
to check for the rarer species under study and making a visual search for pods bearing
the characteristic signs of D. hrassicae infestation i.e. yellowing and radial swelling.
Where such symptoms existed, the pods were split open in

Sillf

to ascertain whether

larvae were present. Finally, 100 pod-bearing racemes were collected at random to be
taken back to the laboratory. Two hundred pods were removed from these racemes
and dissected to inspect for C. ass/mills and D. brass/cae larval infestation. Weevil
exit holes were also recorded in those cases where collection occurred slightly after
first emergence of C. cissimilis larvae from the pods. The remaining undissected pods,
around 2000 from each site, were kept in trays over damp filter paper and the
emerging larvae were inspected daily to give an indication of whether pod midge were
present but had been missed during earlier sampling. A semi-quantitative system of
classification was applied in which the numbers of emergent D. hrassicae larvae were
not counted but classified as high, medium or low.

2.8) Results and discussion
2.8. 1) Ceutorhynchus ass/mills
C. a.ssimiIis is known to be a prevalent pest of Scottish oilseed crops and both the

1994 and 1996 country-wide surveys confirmed that infestation is widespread.

During the 1994 survey (section 2.5) adult seed weevils were ubiquitous in water trap
catches from all 42 crops monitored, from Dumfriesshire in the south of the country
to Wick on the northern coast. As the trapping regime employed during this initiative
was designed solely to attempt to detect the presence of the species under study it
was not possible to assess relative population density or phenology from the resultant
data. Traps were present in crops for differing lengths of time according to location,
pesticide application was not recorded and traps were not emptied at uniform
intervals. In addition, whilst some traps were maintained at canopy level others were
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placed on the ground. Dmoch (1965a) found that around three times as many weevils
were caught in traps at canopy level than in those at placed at 10 cm, therefore the
accurate comparison of catches was not possible.

The 1996 survey (section 2.7.2) consisted of two sampling visits to each of the 36
crops monitored, the first at flowering and the second during pod development. At
both visits C. assi,nilis density on the crop was assessed. During flowering the
number of adult weevils obtained from 100 sweeps of a sweep net were recorded, as
was the mean number of insects per plant. At the second visit percentage larval
infestation of a 200 pod sample was recorded.

C. ass/mi/is levels did not exceed the ADAS recommended threshold of two weevils
per plant (or one per plant where D. hra,sicae is also present) at any of the sites
monitored. The results are displayed for winter and spring rape in Figures 2.9 and
2. 10 respectively. Mean results from all crops monitored and a subset of results from
untreated crops are presented. in Table 2. 1.
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Figure 2.9 Results of sampling at 20 winter crops during 1996. The initial
letter of the site code indicates the region, and the number is the location
identifier (Appendix 1, section 1.8). Insecticides were applied to B2, Cl, C2,
T2, T4, GI, G2, G6 and G7 before the first visit and to G4 between the first
and second visits.
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Table 2.1 Means and standard errors for the three sampling methods used to
monitor C. ass/mi/is levels during 1996.
No. Weevils
No. weevils
% infested pods
(per plant)
(100 Sweeps)
(200 pod sample)
winter
spring
winter
spring
winter
spring
mean ± s.e. mean ± s.e. mean ± s.c. mean ± s.e. mean ± s.e. mean ± s.e.
All Sites 41.6±10.38.30±1.590.22±0.040.09±0.0232.6±4.39 11.5± 1.50
Untreated 46.1 ± 163 10.1 ± 1.550.28±0.060.10±0.0338.5 ± 7.17 16.4± 1.14

I

Weevil numbers were considerably lower on spring crops than on winter crops (Table
2.1) with all three methods of assessment recording at least two to three times as
many weevils on winter varieties. C. ass/ni//is is generally more abundant on winter
rape because of its phenology; spring crops have not reached pod formation when
adult oviposition is at its maximum, as a consequence lesser damage is commonly
recorded. Lane (1996) describes C ass/in/i/s as often damaging to winter crops in the
UK but only locally or occasionally damaging to spring varieties. The weevil's relative
importance on the two crops is similarly described in Sweden, Denmark, Germany,
France and Holland (Bromand, 1988).
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The COIRE project also monitored C. assimi/is levels on 142 Scottish winter rape
crops over three years (Table 2.2, unpublished data). The mean number of seed
weevils per plant was recorded from a sample of 30 plants, three from each of 10
sampling points along a w-shaped transect. Numbers recorded were considerably
higher than found in this study, despite utilising a similar sampling technique and
timing of monitoring.
Table 2.2 Mean numbers of C. ass/mi/is adults per plant in winter rape crops
during the CO IRE project *

crops
45
14

1994
mean
1.08
1.12

S.E.
0.32
0.30

crops
49
17

1995
mean
0.59
0.83

S.E.
0.17
0.31

crops
48
Ii

1996
mean
1.61
3.34

S.E.
0.45
1.15

All crops
Untreated
*pesticide usage was not recorded at all sites, so only those sites at which records were
available were used in the untreated subset. Weather conditions were not recorded during
CORE sampling.
Levels of larval infestation found during the 1996 survey are similar to those reported
from other UK studies. Gould (1975) reported main racenie infestation levels of
between 14 and 44 % in winter crops and 7 and 29 % in spring crops. Free &
Williams (1978a) also investigated larval presence in 41 winter and spring crops in
south east England and found mean infestations of 10.2 and 4. 3 % respectively. The
levels from the latter study are considerably lower than those presented here, but it is
likely that this is due to differences in sampling method. During the Free & Williams
study (1 978a) half of the plants sampled were taken from the centre of the crop and
half were taken from the headland, whereas during this study, and in Gould (1975),
the pods were collected wholly from the margins of the crop where weevil density has
been found to be higher (Free & Williams 1979b).
Mean numbers of weevils per plant are also similar to those reported elsewhere in the
UK. ADAS monitor between 50 and 80 untreated winter crops annually and Lane &
Walter (1993) reported mean annual seed weevil levels per plant for the period 1982
to 1991. The results showed a variable mean annual infestation, ranging from 0.26 to
0.7 individuals per plant with between 4 to 40 % of sites exceeding the threshold
annually (mean 15 %), there were no clear trends over time. Gould (1975) also
investigated weevil numbers on several crops and reported levels of 1. I to 1.3 per

plant on winter crops and 0.2 to 0.4 per plant on spring varieties. In summary, whilst
variations in sampling practice make it difficult to compare studies, it would seem that
there are no major differences in the magnitude of recorded seed weevil levels
between Scotland and the rest of the UK.

In order to assess whether the sampling procedures used to measure C. a.sxiinilis
levels during this study were inter-predictive, correlation analysis was applied to the
data to measure the degree and direction of linear relation, if any, between each of the
three methods (Table 2.3). At some sites, in both winter and spring rape, pesticides
were applied between the first and the second sampling visits. Untreated crop
correlations involving data from the second visit (i.e. larval infestation) are therefore
calculated from data fiom fewer sites than the other variables.
Table 2.3 Number of sites (ii) and correlation (r) values between sampling
methods for C. assimilis (C. a) assessment during 1996
No. Ca. (100 Sweeps)
All sites
Untreated
Winter rape
n
r
ii
r
0.69**
0
.
73**
Mean no. (per plant) 20
11
% infested pods
20 -0.25
10 0.O2
All sites
Untreated
Spring rape
n
r
n
r
0.59*
Mean no.(per plant)
16
13 0 . 74**
0.55*
% infested pods
16
7
0 20 NS
All sites
Untreated
winter & spring rape
n
r
n
r
0.71**
0
.
75**
Mean no.(perplant)
36
24
% infested pods
36 0.09
17 0.33 NS
NS
= not significant * P<0.05, **rrJ)<()()1.
.

Mean no.(per plant)
All sites
Untreated
n
r
n
r
10
-0.03 NS
Untreated
n
r

16 0. 04
All sites
n
r
16 0.31
All sites
n
r
36

020Ns

NS

0.29 *

Untreated
n
r
17

0.24

Significant positive correlations were found to exist between the number of weevils
caught by sweep net and the mean number recorded per plant, this correlation is
evident in both winter (P<0.0 1) and spring rape (P<0.05) and in both crops combined
(P<0.01), regardless of whether or not pesticides had been applied. These two
methods of sampling were performed at the same sampling visit under identical
conditions and both involved collecting weevils from the uppermost foliage of the
plants, therefore it is unsurprising that a significant correlation is obtained.
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No such straightforward relationships were observed between the two sampling
methods used during flowering and the subsequent larval infestation of pods. A
significant positive correlation was obtained between the number of weevils per plant
and percentage infestation in the combined crop data (P<0.05). This correlation
echoed a similar but non-significant positive correlation in spring rape, no correlation
was shown in the winter crop data. The only significant correlation between sweep
netting and percentage infestation occurred in the spring rape crop subset where a
positive correlation of 0.59 (P<0.05) was obtained. Overall, the untreated subsets
mirrored the trends shown in the combined data although the magnitude of
coefficients varied.
In summary, a significant positive relationship was found to exist between the
numbers of weevils caught by sweep net and the mean number of weevils per plant in
both the winter and spring crops. Sweep netting at flowering was found to be a poor
predictor of subsequent larval infestation of pods in the combined crop data, but a
positive relationship was indicated in the spring crop. The mean number of weevils
per plant did display a significant correlation with larval infestation in the combined
crop, and again this stemmed from the relationship between the two assessment levels
in the spring rape crops.
It is known that weather conditions can affect catch sizes when sampling for adult
weevils. It has been noted that weevil activity, and the proportion of weevils which
are situated at the top of the crop and are accessible to sweep netting and beating
counts, is greater in sunny, warm weather (Bonnemaison,

1957; Dmoch, 1965a;

Ballanger, Toustou & Daguin, 1995) and that such assessments can also be negatively
influenced by windy and wet weather (Smart, Blight & Lane, 1996). Walters & Lane
(1994) found that tray beating assessments seriously underestimated the number of
C. ass/mi/is below 14°C. Whilst attempts were made to ensure sampling was not
carried out on wet or very cold days, time constraints necessitated that sampling could
not be confined to days on which weather conditions complied to a standard. When
sampling for weevils on winter crops during flowering, the weather conditions at the
southerly locations were predominately cool and overcast, whereas during the
sampling visits to Grampian the weather was hot and sunny (Appendix I, section 1.8
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for weather conditions at sampling) and catches on the northern crops were higher
than found elsewhere. It is therefore possible that the differing weather conditions at
the first sampling visit to winter rape crops influenced the resultant correlation
coefficients between the two sampling methods recorded and subsequent larval
infestation. During sampling of spring crops weather conditions were more constant
and positive correlations were gained between both sweep netting and number per
plant and subsequent larval infestation. Therefore the influence that weather exerts on
sampling catches of adult weevils may make the relationship between their numbers
and subsequent larval infestation difficult to assess.
The relationship between C. a.ssiinilis levels and spatial distribution was also
investigated. Correlation analysis was performed between the level of infestation
recorded and the relative latitude and longitude of each location (represented by
metres of northing and easting respectively) to determine whether the data showed
any geographical trends (Table 24).
Table 2.4 Number of sites (n) and correlation (r) values between (assirnilis
(C. a.) levels and the northing and easting of the location in metres.

All crops
No. Ca. (100 Sweeps)
Mean no.(per plant)
% infested pods
Untreated crops
No. C.a. (100 Sweeps)
Mean no.(per plant)
%infested pods

Winter rape
n
r
0 . 56**
20
0.29
20
20
-0.19
Winter rape
0 . 68*
11
0 . 64*
II
005NS
10

Northing ( m )'
Spring rape
n
r
009NS
16
-0. .14NS
16
16
0.01
Spring rape
13
0.02
024NS
13
7
0.01 NS
Easting_(m)
Spring rape
n
r
16
0.14 NS
16
0.29 NI
16
0.50'
Spring rape
13
0.21 NS
13
0.16
7
0 . 57 NI

All sites
n
36
36
36

r
0 . 29*
0.08
-0. 17
All sites
24
0.31 NS
24
0.13 NS
-0 . 17 NS
17

Winter rape
All sites
All crops
n
r
n
r
NS
20
0.06 NS
0.11
36
No. Ca. (100 Sweeps)
006NS
20
0.01
Mean no.(per plant)
36
-0.17
-0.06 NI
20
36
% infested pods
Winter rape
All sites
Untreated crops
0.14
11
0.31
24
No. C.a. (100 Sweeps)
0.16'
0.41
Ii
Mean no.(per plant)
24
-0.31 NS
10
-0.l8'
17
% Infested pods
NS
= not significant * = P<0.05, **p<Q 0 I.
The northing and easting of a location describe their relative position, in metres, north and
east of a point designated by ordnance survey which lies to the south-west of the UK.
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Overall, the only significant correlation between sampling levels and the northing of
the location is the positive coefficient displayed by sweep netting in winter crops
(P<0.01) and in the combined crop data (P<005). In the untreated subset, both the
number of weevils per plant and the number caught by sweep net also display
significant positive correlations (P<0.05) in winter rape, but the values are not
significant when combined with spring rape. Percentage infestation levels do not show
any significant correlation with northing. No significant correlations occurred between
any of the sampling methods and easting.

In summary, whilst the percentage infestation of pods data do not display any spatial
trends, the number of weevils caught by sweep net, and to a lesser extent the mean
number of weevils per plant, recorded on winter rape display a significant increase
with increasing latitude. As mentioned previously, weevil activity and presence on the
upper reaches of the crop is greater in sunny, warm weather (Bonnemaison, 1957,
Dmoch, 1965b; Ballanger el al., 1995) and when sampling for C. ass/nil/is during
flowering in winter rape crops in Grampian, the weather was appreciably hotter and
sunnier than when sampling elsewhere. It is therefore possible that the magnitude of
catches on winter rape in Grampian were to some degree an artefact of the weather
conditions at sampling. Eight (40 %) of the winter rape sites monitored were in
Grampian, when these sites are removed from the analysis the correlations between
both the number of weevils per 100 sweeps and the mean number of weevils per plant
and northing are no longer significant (r = 0.15 and 0.33 respectively). In view of the
possible influence that weather may exert on the size of sampling catches of adult
weevils it may be prudent to place increased emphasis on percentage infestation of
pods as a method of assessing population density.

Similar correlation analysis was performed on COME data (Table 2.5). In all three
years of the CORE project significant negative correlations between mean numbers
of weevil per plant and northing were recorded. This trend is reflected in the untreated
subsets, although sample size is too small to render coefficients significant. The only
significant correlation between C. ass/ni//is numbers and easting is a negative
coefficient of 0.39 in 1996.
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Table 2.5 Number of sites (n) and correlation (r) values between mean
numbers of weevils per plant recorded on winter crops during the CO1RE
project and the northing and easting of the location in metres

1994
All sites
Untreated sites

n
45
14

r
-0.29
-0.14
1994

All sites
Untreated sites
NS

n
45
14

r
-0.08
-0.19'

Northing (m)
1995
r
n
0.31*
49
032NS
17
Easting_(m)
1995
r
n
-0.15
49
17
0 08 NS
.

1996
n
48
11

r
0 . 38**

-o.so
1996

n
48
11

r
0 . 39**
-0.48

= not significant * = P<0.05, **=p<ool

The COIR.E project results suggest that the mean number of weevils per plant on
winter rape decreases with latitude, whilst in the 1996 survey the opposite was
suggested by the sweep netting assessment, and mean number per plant and pod
infestation showed no correlation with northing. Neither the 1994 or 1996 COIRE
data, or any of the sampling methods in the 1996 study showed any correlation with
longitude. Overall, it would seem that the spatial density of recorded weevil levels is
variable between studies and sampling methods and no definite trends of spatial
distribution can be determined within Scotland.

C. ass/mi/is phenology was also investigated during two intensive monitoring regimes
carried out during the course of the project. The first at South Mains of Sarnuelston
Farm in East Lothian (section 2.6.2) and the second at Butchercote Farm and
Mertoun Estates in the Scottish Borders (section 2.7. 1).
Yellow water traps and emergence traps were used to monitor crops in East Lothian
in 1995 (Figure 2.11). First invasion of the winter crop occurred during April, in the
week preceding the 11th. Numbers in the water traps rose in successive waves of
increasing magnitude, peaking in mid-June and decreasing sharply thereafter until trap
removal in late July. Adult weevils were not recorded in emergence traps in the winter
crop and it is likely that traps were removed before second generation emergence.
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The number of weevils caught in the spring crop was lower than in the winter crop.
Weevils were present in water traps from the week preceding the 27th of May. The
largest catches were made from early July onwards until trap removal, no obvious
peak in numbers was apparent. Adult emergence was recorded from the week
preceding the 5th of August and at the two subsequent monitoring visits before trap
removal.
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Figure 2.11 Water trap catches of C. ass/mi/is on winter and spring rape
crops at Sarnuelston, East Lothian during 1995. The bar on the x-axis
represents the first recorded emergence of second generation C. assini/lis
adults.

During the second intensive monitoring regime in the Scottish borders in 1996, pods
were inspected for larval presence in addition to the use of yellow water traps and
emergence traps. In the winter crop, adult weevils were first detected on the 20th of
April, however numbers were low until late May when a sharp increase occurred
(Figure 2.12). Water trap catches peaked in mid-June and then declined until traps
were removed in early August. Larvae were present in pods continuously from the 9th
of June until the end of the monitoring period. Emergence traps caught second
generation adults in the week preceding the 27th of July and at the following, and last,
sampling visit on the 1st of August.
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Spring crop water trap catches contained seed weevils from early June and two
distinct peaks were evident, one in June and another, of second generation adults, in
late August and early September. Larvae were found in pods continuously from the
6th of July until the end of sampling. Second generation adults were recorded weekly
in emergence traps from the week preceding the 11th of August until trap removal in
early September.
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Figure 2.12 Water trap catches of C. assiniiiis on winter and spring rape
crops at Butchercote and Mertoun Estates respectively, during 1996. The first
bar on the x-axis, for each crop, represents first recorded larval presence and
the second represents first adult emergence.
In summary, at both sites winter crops were first infested in late April/early May and
numbers increased gradually before a sharp increase to peak infestation in mid-June
before a marked decline in adult numbers. Larval infestation was not monitored in
1995,
but first occurred in early June in 1996 and continued until the cessation of
monitoring in early August. First emergence of second generation adults was recorded
from late-July. Spring crops were infested later than winter crops, first catches were in
early June in both years and no obvious peak of adult numbers was apparent. Adult
numbers were considerably lower in spring crops than those recorded on winter
varieties. Larvae were present in pods from early July in 1996 and first adult
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emergence was recorded in early August in both years. This recorded phenology is
very similar to that reported by Free & Williams (1979a) on two winter and two
spring rape crops in south east England. The only deviation from Free & Williams'
(1979a) description of adult and larval infestation is the timing of peak adult invasion
of winter rape, which occurred in mid-June in both years of this study, two to three
weeks later than reported by Free & Williams (1979a).

2.8.2) Das/neura brassicae
Two country-wide surveys investigating the Scottish distribution of the species under
study were carried out during the course of this project. The first initiative, in 1994,
used baited yellow water traps to monitor 42 winter and spring oilseed rape crops
(section 2.5). This survey failed to detect D. hrass/cae presence. The absence of
catches may have been partly due to the vertical positioning of the traps. During the
survey many of the traps were placed on the ground beside the margin of the crop and
Williams et at. (1987a) found that only 10 to 20 % of D. brassicae trap catches were
found in traps at heights lower than 50 cm. However, the yellow water traps used
during the intensive monitoring regime in East Lothian in 1995 (section 2.6.2) were
maintained at canopy level and also failed to detect adult presence, despite evidence
of low levels of larval infestation of the crops. Yellow water traps have been used to
monitor D. hrassicae populations successfully by many authors (Williams et at., 1987
a&b; Evans, 1991; Axelsen, 1992b, Büchs, 1993). However, in view of the apparent
unreliability of water traps for detection of low levels of infestation, the 1996 study
(section 2.7.2) involved visiting the crop during seed development when larvae are
present within the developing pods and the symptoms of infestation are visually
apparent.

Crops were visited twice during the 1996 survey, once during flowering and again
when pods were present on the plants. A sweep net was used during both visits,
however catches of D. brassicae were very low with only five individuals being
caught in total, all from sites where larval presence was subsequently detected. During
pod development a visual assessment of the crop was made for damage symptomatic
of D. brassicae presence. Where possible signs of damage existed the pods were
opened in situ, in addition, racemes were collected and taken back to the laboratory
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for inspection. Of the 36 sites monitored in 1996, P. brassicae larvae were detected
in 16 crops, seven winter and nine spring varieties, at 14 locations. Those locations at
which P. brassicae presence was recorded were predominately in central and south
eastern Scotland. All sites sampled in Lothian, Central and Borders regions were host
to D. brasicae, as were three sites in Grampian, two in southern Tayside and one in
north eastern Strathclyde (Figure 2.13).
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Figure 2. 13 Locations of rape crops monitored during 1996. The red markers
denote locations where D. hrassicae larvae were detected.
The samples from the sites in the south east of the country displayed the highest larval
densities (Table 2.6). Samples of 200 pods from the sites in the Borders, Lothian,
Tayside and Central all yielded larvae, with the sites in the Borders showing
particularly high levels of infestation. These crops also displayed clearly visible
symptoms of D. hrasicae damage in the field, whereas at the infested sites in
Strathclyde and Grampian, D. hrassicae larval presence was not visually apparent
during the 30 minute inspection. In addition,, a second sample of approximately 2000
pods was also taken. The larvae from these pods were not counted but emergent
numbers were classified as high, medium or low (Table 2.6). Once again, high
numbers of larvae were found in samples from south-east and central Scotland. The
samples taken from the sites in Grampian and Strathclyde yielded very few larvae.
The combination of very low levels of larval presence and the lack of easily visible
signs of infestation within the Grampian and Strathclyde crops would suggest that it is
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possible that D. brassicae may have been present but undetected at sites elsewhere in
the survey.
Table 2.6 Locations where D. brassicae larval presence was detected during
a survey of 36 winter and spring rape crops in 1996

Site

C rop*

New Belses Borders
Mertoun Estate Borders
Butchercote, Borders
Grassmainston, Central
Grassmainston, Central
Saniuelston. Lothian
Samuelston, Lothian
Cleish Mill, Tayside
Halls Farm, Lothian
Coidrain, Tayside
Powbridge, Central
Stonehouse. Central
Fordoun, Grampian
Boclair. Strathclyde
Little Haddo, Grampian
Newton of Calsalmond,
Grampian

W
S
W
W
S
W
S
W
S
W
S
W
S
S
S
S

,

Grid
Reference
NT573253
NT640325
NT629-3340
NS924929
NS924929
NT489705
NT489705
NT 103978
NT23 5580
N0084009
NS878873
NS9 18848
N0750769
NS623733
NJ986256
NJ667302

Visible signs % infested D. bra ssi cae
of crop
pods in 200 present in 2000
infestation pod sample pod sample t
Y
20.5
Y (H)
Y
11
Y (H)
Y
9.5
Y (H)
Y
2.5
Y (M)
Y
1.5
Y (H)
Y
1
Y (M)
Y
I
Y (M)
Y
I
Y (H)
1
N
Y (M)
Y
0.5
Y (M)
N
0.5
Y (M)
N
0
Y (M)
N
0
Y (L)
N
0
Y (L)
N
0
Y (L)
N
0
Y (L)

* W = winter rape, S = spring rape
H = high, M = medium and L = low levels of larval emergence
There are no established thresholds for D. brassicue. A German guide to damageinducing levels suggests a rough threshold of 2 midges per 10 sweep net counts (Paul
& Rawlinson 1992), a level which was not attained during this study. However, the
larval infestation levels recorded are comparable with those found during Gould's
1975 survey of crops in south east England. Gould found mean pod infestation levels
of 2 to 3 % (range 0 to 17%) and 0 . 5 % (range 0 to 11 %) on winter and spring rape
respectively.
D. brass/cue oviposition is largely confined to pods previously punctured by the
feeding or egg-laying of C. ass/rn/I/s (Ankersmit, 1956; Free, Ferguson & Winfield,
1983b). The pod samples collected during the second sampling visit were assessed for
both D. brass/cue and C. ass/mills larval infestation. To investigate the relationship
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between the larval infestation levels of the two species correlation analysis was
performed on the resultant data (Table 2.7).
Table 2.7 Number of sites (n) and correlation values (r) for D. hrassicae and
C. ass/mi/is larval infestation of pods during 1996. (' P>0.05).

% D. brass/cue infestation

% C. ass/ni/i/s infestation
Winter rape
Spring rape
All sites
n
r
n
r
n
r
NS
0375NS
0019NS
-0.100
20
16
36

In the combined data, and in winter rape, no significant correlation was displayed
between 1). brass/cue and C. ass/ni/I/s infestation, demonstrating that weevil
infestation level is not limiting D. brass/cue density. A low, but not significant,
positive correlation is shown in spring rape. C. ass/rn/I/s numbers were found to be
two to three times lower on spring rape crops than on winter varieties during this
survey (section 2.8.1). The possibility that low weevil numbers may be limiting

D. hrassicae infestation of spring rape to some degree must be considered, and
despite the non-significant correlation coefficient further investigation with a larger
sample size may be warranted.
The COME project (section 2.4. 1) also investigated D. brass/cue presence in winter
rape crops annually from 1994 to 1996 (unpublished data). Twenty plants were
inspected for signs of D. hrass/cae damage at each of 10 sampling points arranged
along a w-shaped transect through the crop. One hundred and thirty four crops were
monitored in total and signs of infestation were recorded in 24 crops at 22 locations
(Figure 2.14). D. brass/cue damage was reported in all regions during the COME
survey. The highest numbers of infested locations were in Tayside, the Borders,
Lothian and Strathclyde. The COTRE results suggest a similar pattern of distribution
to that found in the 1996 study, with additional sites of D. brass/cue presence
identified in the south west of the country. However, some caution must be expressed
when basing conclusions upon the data reported from the COME survey. During
COME project sampling at some sites, signs of larval damage were recorded as
D. brass/cue presence. Damage was defined as pods with 'dried yellow appearance
and split from the basal end". Whilst the aforementioned damage may be indicative of

D. brass/cae activity, it may also be attributable to other factors, and the only

56

unarguable proof of the species' presence is the detection of the insect itself. Once
splitting of the pod has occurred larvae will often have already fallen to the soil,
making definitive assessment impossible.
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Figure 2.14 Locations of COME proiect crops at which signs of I). hrassicae
damage were reported. The markers denote the year of sampling
Correlation analysis was used to measure the degree and direction of linear relation, if
any, between percentage D. hrassicae infestation and the northing and easting of the
locations sampled in order to investigate the spatial density of the pest. Both the data
from the 1996 survey and those provided by the COME project were analysed
(Tables 2.8 and 2.9 respectively).
Table 2.8 Number of sites (n) and correlation (r) values for I). hrassicae
infestation and the northing and easting of the locations sampled in 1996.

%J). hrassicae infestation

Winter rape
r
n
0.471*
20

%I). hra.csicae infestation

Winter rape
n
r
0152NS
20

NS

Northing_(m)
Spring rape
r
n
0.440 Ns
16
Easting_(m)
Spring rape
n
r
16
0.l00

All sites
n
r
.
440**
0
36
All sites
r
n
0125NS
36

= not significant * = P<0.05, **P<00 I
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Table 2.8 clearly shows that there is a negative correlation between D. brassicac
infestation level and northing in both winter and spring rape and in the combined crop
data, of these only in the winter and combined crops is the correlation statistically
significant (P<0.05 and P<0.01 respectively). This indicates that levels of D. brassicae
infestation recorded at the locations monitored during the 1996 study decrease with
increasing latitude. There were no significant correlations between easting and
infestation.

Table 2.9 Number of sites (n) and correlation (r) values for D. brassicae
infestation reported by the COME project and the northing and easting of the
monitoring locations.
Easting (m)

Northing (m)
Year
1994
1995
1996
NS

n
39

r
007NS

44
47

072NS

0 . 26*

n
39
44
47

r
0.09'

O . 34*

= not significant = P<0.05

The COME project infestation levels exhibit correlations with northing of the same
direction as expressed in the 1996 study but of a lesser magnitude, only in 1995 is the
coefficient significant (P<0,05). As before there is no correlation between infestation
and easting, with the exception of 1996 where a significant negative correlation
(P<0.01) is displayed (Table 2.9).

In conclusion, both the 1996 survey and the results of the COME project corroborate
a description of the Scottish distribution of!). hrassicae as having a focus in the south
of the country from which infestation levels decrease northwards. Whilst it is possible
that an unknown variable which co-varies with latitude i.e. daylength or temperature,
influences the degree of infestation, the midges damaging presence at latitudes of up
to 60°N in Sweden (Ahman, 1988) make this seem unlikely and it is more likely that
the distribution reported is consistent with the midge spreading northwards from the
English border.

In addition to the investigation of distribution, two intensive monitoring regimes were
also carried out to investigate the seasonal phenology of the insect pests under study.

The first regime, in East Lothian in 1995 (section 2.62) detected very few

D. bra ssicae, with only two individuals being caught in water traps and one in an
emergence trap throughout the season (Appendix 1, section 1.5). Therefore no
indication of phenology was obtained from this initiative. The second of the studies,
near Galashiels in the Scottish Borders in 1996 (section 2.7. 1) provided more data.
This location was visited during 1995 and infested pods were clearly visible
throughout the headland of a spring rape crop at a higher density than had been
encountered previously elsewhere. The 1995 spring crop site was monitored as an
emergence site in 1996, along with a winter rape crop on the same farm and a spring
crop on an adjacent farm. As before, sweep netting was not a useful indicator of
midge presence with very few catches of adult midge recorded (Appendix I, section
1.7). However, both the water traps and emergence traps did provide catches
throughout the season and these, along with pod dissections for larval infestation,
provided a description of D. hrassic(ie phenology at this location. Figure 2.15 displays
recorded D. hrassicae phenology at the emergence site.

3
Cd

2.5
2

0

1.

0

C
-

1-

0

H

[J

Water trap
nlergeTlce trap
C)

)

20

Sampling date

Figure 2.15 Water and emergence trap catches of adult I). brassicae at an
emergence site at Butchercote Fann during 1996.
Adult emergence from the previous years rape site was first detected in emergence
traps in the week preceding the 11th of May (Figure 2.15) and in water traps the
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following week. Catches continued, peaking in May and early June until the 13th of
July when the traps were removed from the crop. In the winter crop (Figure 2.16),
adults were first detected in water trap catches on the 19th of May, one week after
first recorded emergence from the overwintering site, and were present until the traps
were removed in early August. Oviposition by first generation adults resulted in a
larval presence in the pods from the 17th of June and larvae were present
continuously thereafter. Second generation adult emergence was recorded from the
week preceding the 6th of July and emergees were recorded weekly until the end of
monitoring.
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Figure 2.16 Water and emergence trap catches of adult D. brassiccie in a
winter rape crop at Butchercote Farm during 1996. The band across the Xaxis represents the first date at which larvae were present in the pods. Larvae
were continuously present in the crop thereafter.
Two generations were also present on the spring crop. A single adult was found in
mid-May but no further catches were recorded until the 13th of July, thereafter adults
were recorded continuously (Figure 2.17). Larval infestation was observed weekly
from the 27th of July until early September when the crop was swathed. Second
generation adults were recorded in emergence traps from the week preceding the 5th
of August onwards.
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Figure 2. 17 Water and emergence trap catches of adult D. bmssicae in a
spring rape crop at Mertoun Estates during 1996. The band across the X-axis
represents the first date at which larvae were present in the pods. Larvae were
continuously present in the crop thereafter.
In summary, both crops supported two generations of D. Inassicae, an observation
shared by Williams el al. (1987 a&b) describing similar studies in Southern England in
the mid-80s. First generation adults left emergence sites and invaded the winter rape
crop in early to mid-May and second generation adults emerged from late June
onwards. Larvae were present in the pods from mid-June until early August when the
crop was swathed. Combined egg, larval and pupal development takes on average 4
weeks (Sylvén, 1949) suggesting that a proportion of the second generation adults
could also have oviposited in the crop, however the majority are likely to have
relocated to wild crucifers or a spring crop. Adults invaded the spring crop from early
July onwards. The invading insects may have originated from the latter stages of
emergence from the overwintering site as emergence was still being recorded at that
time, albeit at low levels. Other immigrants are likely to be second and third
generation adults emerging from winter crops. A second generation was observed in
the spring crop from early August and larvae were present in the pods from late July
until the cessation of monitoring in September. The numbers of adults entering
diapause increases with each successive generation and Pilnr (I 972b) found that only
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10 % of third and 5 % of fourth generation larvae develop to become adults. Any
adults that do emerge after harvest in September will oviposit on alternative
cruciferous hosts, whilst larvae emerging at this time form cocoons and diapause in
the soil.

The results would suggest a total of three to four generations of D. brassicae occur in
southern Scotland, and at least three of those generations are supported by oilseed
rape crops. Ahman (1986) also recorded four generations of midge per year, three of
those on brassica crops, in areas of southern Sweden as did Piln (1972a) in Poland
and Axelsen (1993a) in Denmark. Numbers of D. brcissicae caught in water traps
were very low, with average total catches of three or four adults per week in 20 traps.
These are similar to levels recorded by Attah & Lawton (1984) in yellow traps in a
winter rape crop in Yorkshire, whereas Williams et a/. (1987 a&b) recorded catches
of up to 10 to 15 midges per trap per day on winter and spring crops in Southern
England.

2.8.3) Ps v/I/odes chrvsocephala
Psylliodes chiysocephala was not found during any of the sampling regimes
employed during this study.

Approximately 13,000 seedlings were sampled from 148 crops during the three year
COME project, however very few stern-dwelling larvae were found. All larvae
present were Dipteran, and those reared successfully to adulthood were found to be
that of the leaf miner Phi'Ioniyza nhtipes Meigan (Diptera: Agromyzidae).
P. chrysocephala distribution has been reported to be widespread in lowland Scotland
(Foster, 1986) and it is therefore surprising that no larvae were detected during the
COME project.

Autumn seedling dissection is the common method of assessing whether or not a
preventative pesticide spray should be applied for P. chiysocepha/a. ADAS
recommend a threshold of five larvae per plant from a sample of 25 plants per crop
collected between October and December. Previous studies have suggested that
larvae are found in plants from late September onwards (Godan, 1951 cited in
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Williams & Carden, 1961; Ebbe-Nyman, 1952; Bonnemaison & Jourdheuil, 1954;
Williams & Carden, 1961; Sàringer, 1984; Lane & Walters, 1993a). However, Alford
(1979) found that the timing of larval infestation of oilseed crops was influenced by
temperature and varied from year to year. During his three year study near
Cambridge, Alford found that first larval invasion ranged from mid-September to midNovember and that the completion of egg development required an accumulated sum
of 240 day degrees (DD') above a threshold of 3.2 T. He concluded that the main
period of egg hatch could be interrupted and greatly delayed by low temperatures,
resulting in later larval infestation. Winfield (1992) suggested that due to such
variation in timing of larval invasion, plants should be sampled from November to
February. The possibility that the timing of sampling during the COME project took
place too early to maximise the likelihood of larval presence in the crop must
therefore be considered.

It is likely that the duration of egg development is the main factor responsible for
differences in timing of larval crop invasion, as aestivation is obligate in
P. chrysocephala with neither the induction nor end of the summer rest period being
influenced by temperature (Sàringer, 1984). Nor is oviposition itself limited by low
temperatures; Kaufmann (1941) and Bonnemaison & Jourdheuil (1954) suggested an
optimal oviposition temperature range of 6 to 9°C and 4 to 12°C respectively with an
upper limit of around 16°C. By applying Alford's formula for egg development to
mean daily temperatures per month (30 year monthly means 1961-90), average
developmental time can be compared between locations. In Cambridge, where
Alford's study took place, egg development would take an average of 22 days in
September and 34 days in October. In Scotland, estimated September egg
development ranges between 26 days in Ayr and Edinburgh, 27 in Aberdeen and 30 in
Wick, in October this increases to 36, 40, 42 and 44 days respectively (Figure 2.18).
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Figure 2.18 Estimated duration of I'. chryocephaIa egg development
calculated using Alford's (1979) threshold and DID" requirement for egg
development and mean daily temperatures per month for each location (30
year monthly means 1961-90).
During the COME project plants were sampled between the 8th of November and the
10th of December in the first year, the 24th of October and the 14th of December in
the second and the 2nd of November to the 5th of December in the third. The median
sampling dates were the 16th of December, 4th of December and the 24th of
November respectively. It is unlikely that a difference of 4 to 10 days in egg
development time between southern England and Scotland is solely responsible for
the complete absence of larvae during these sampling periods. In addition, the autumn
of 1995 was particularly warm throughout much of Scotland with mean monthly
temperatures in the Edinburgh area around two degrees higher than usual during
September and October. This, coupled with the fact that Ebbe-Nyman (1952) also
observed larvae in plants during October in southern Sweden, where autumn
temperatures are lower than most of Scotland, suggests that it is unlikely that low
temperatures are solely responsible for the absence of larvae during the three years of
COME project sampling. Alford (1979) noted that earlier germinating crops, which
are generally more advanced, were infested by both adults and larvae earlier than later
germinating crops. This has also been recorded by Bonnemaison & Jourdheiul (1954)
and Williams & Carden (1961). Alford (1979) also found that volunteer rape on
roadside verges was often infested with larvae very soon after adult emergence from

64

aestivation, with all three larval instars present in the plants by autumn. These
observations would suggest that, initially, oviposition is limited by host availability
and that those hosts present early in the season receive eggs, and subsequently larvae,
earlier. The average growth stage of the crop during seedling collection was GS 1.6
to 1.7 (six to seven true leaves) and ranged from CS 1.4 to 2.5 (four true leaves to
stem extension). Winter rape is drilled at roughly the same time in both England and
Scotland but Scottish crops are usually around 2 weeks behind their English
counterparts phenologically. it is possible that this could also influence the timing of
invasion of commercial oilseed crops in Scotland, with wild cruciferous hosts and
volunteer rape receiving a greater compliment of larvae than commercial crops.
However, a survey of volunteer rape at I 1 locations in east central Scotland during
late October 1995 also found no evidence of larval infestation (section 2.6.3).

Whilst it is possible that the sampling period used did not maximise the likelihood of
P. chiysocephala presence, it seems extremely unlikely that the absence of larvae in
the plants during all three years of the study was entirely due to mis-timing. In
addition to the sampling employed during the COIRE project, plant samples were also
taken in later months during subsequent regimes. In 1995 and 1996 plants were
sampled from early February until March during the intensive monitoring programmes
at Samuelston, East Lothian (section 2.6.2) and at the Mertoun Estates in the Scottish
Borders (section 2.7. I) respectively, and in February 1996 plant samples were taken
from five sites in west and central Scotland as part of a countrywide survey (section
2.7.2). All samples were found to be devoid of P. chrysocephala larvae.

In conclusion, it seems extremely unlikely that the absence of larval detection during
the course of this project can be attributed to mis-timing of sampling. However, in
future monitoring regimes it may be advisable to sample plants intensively throughout
the autumn and winter months to further investigate whether larval invasion of oilseed
rape does occur appreciably later in Scotland and to ensure an optimal sampling
strategy is employed.

Post- aest ivation al P. chiysocepha/a adults invade winter rape crops from late August
onwards and may be present on the crop until the following spring. New generation
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adults emerge from May, feeding on crops and wild-crucifers before aestivation in
July (Bonnemaison,

1954; Alford, 1979). Foster's (1986) observation that

P. chrysocephaki is widespread in lowland Scotland is based upon unpublished data
from annual surveys carried Out by the Department of Environmental Science, SAC,
Auchincruive. This programme ran between 1978 and 1987 and consisted of oilseed
rape crop monitoring using yellow water traps baited with allyl-isothiocyanate. Traps
were maintained between mid-April and October at between three to nine sites
annually. P. chiysocepha/a was found at one or more of the sites for eight of the ten
years of the project, and of the ten locations monitored in total the beetle was found
at all but one at some point during the study (Figure 2.19). Catches were made from
the onset of sampling in mid-April, peaking in May and early June before decreasing,
presumably as the insects entered aestivation. In addition, a similar survey was
conducted by the Department of Crop Science and Technology, SAC, Edinburgh in
1984 at nine sites in south-east and central Scotland, a single P. chrysocephala adult
was caught at a site near Duns (Figure 2.19) (SAC unpublished data).
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Figure 2.19 The triangles represent locations sampled during a 10 year
survey by SAC, Auchincruive, the circles are sites surveyed by SAC,
Edinburgh in 1984. Red Symbols represent locations where P. chrysocephala
were detected.
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Despite the evidence that P. chiysocephala is present in Scotland, the beetle was not
represented in yellow trap catches from the Scottish Borders in the autumn and early
winter of 1993 (section 2.4.2), nor were adults found in the traps maintained from
early May until harvest in 29 winter rape crops across Scotland during 1994 (Section
2.5). The beetle was also absent from yellow traps maintained in winter rape crops
from early February onwards as part of intensive monitoring regimes in East Lothian
in 1995 (section 2.6.2) and the Scottish borders in 1996 (section 2.7.1). The sweep
netting initiatives on 19 winter rape crops in 1996 (section 2.7.2), throughout the
aforementioned intensive monitoring regimes and at 1 I volunteer rape sites in
October 1995 (section 2.6.3) also failed to catch a single specimen of
11. chrysocepha/ci.

Yellow water traps 1993
Yellow water traps 1994
$- Intensive monitoring 95/96
ABL
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Figure 2.20 Sites sampled for P. ehnsocepha/a presence (excluding COIRE
project sites) during the 3 year project.
It is surprising that during three years of sampling not a single individual was
encountered at any of the sites monitored (Figure 2.20). However, the numbers found
during the sampling carried out in the Auchincruive survey were extremely low and
sites at which P. chrysocephala presence was recorded one year did not necessarily
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provide catches in subsequent years. For example, crops at Crichton Royal Farm in
Dumfriesshire were sampled in every year of the 10 year project, but only in the first
year was the beetle's presence recorded, and at Shearerston near Crieff,

P. chrysocephala was only recorded in three of the ten years in which traps were
present. At no one site was P. chrysocephala presence recorded annually, and
although the percentage of sites where the beetle was found varied from year to year
there was no increase over time (Figure 2.21). The catch numbers were also very low,
in many of the sites where the beetle was recorded only a single individual had been
caught during the season. The average annual catch at sites where the beetle was
detected was 4.9 individuals, and in total only 89 beetles were caught during the 10
year survey.
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Figure 2.21 The number of winter rape sites monitored annually and the
percentage of those sites at which F. chrysocephala presence was found
during the 10 yellow trap survey carried out by SAC, Auchincruive
No firm conclusions about the Scottish distribution of P. chrysocephala can be drawn
from this survey. However, it is apparent that although the beetle's presence has been
recorded in Scotland since 1978 it is not currently an abundant or economically
significant pest of Scottish oilseed rape crops. Scottish rape cultivation has undergone
a thirty five fold increase over the last 25 years, from 1,600 Ha in 1982 to 56,900 Ha
in 1996. However, there is no evidence that P. chysocephaIa populations have
increased in response to the increased availability of the host. This is very different

from the spread of distribution experienced in England where the beetle has rapidly
moved into new areas as rape cultivation has increased (Williams & Carden, 1961;
Graham & Alford, 1981; John & Holliday, 1984). In England, levels of beetle
infestation decreased dramatically between 1990 and 1995 due to repeated use of
autumn insecticides. In 1990, 90 % of English crops were treated for the beetle, by
1995 only 20 % required application of pesticides (Johnson, 1995). However,
Scottish winter rape crops are not routinely sprayed in the autumn. Autumn
insecticdes, primarily cypermethrin, are applied solely for the control of aphids and
only 1.5 % of crops were sprayed for that purpose in 1994 (Anon, 1995b). It
therefore seems unlikely that a similar scenario has been responsible for a reduction of
P. chiysoceph(rlcv levels in Scotland, introducing the possibility that other factors are
limiting P. chiy.cocephala' s Scottish distribution.

2.9) Summary
The aim of the work reported in this chapter was to investigate the current Scottish
distribution, relative abundance and seasonal phenology of all three species under
study. In particular that of D. brass/we and P. chrysocephala as, although both are
economically injurious pests of oilseed rape in England, neither are currently
considered to be widespread or damaging pests of Scottish crops.

Of the three species under study only C. assirn/lis was omnipresent on Scottish rape
crops. The weevil is widespread throughout, and no variation in spatial density was
detected. Variations in sampling practice and weather conditions during sampling
make comparisons between studies difficult. However, levels recorded in this study
were similar to those reported elsewhere in the UK, as were reports of seasonal
pheno logy.

D. hrassicae populations were found to be widespread; incidence was detected on
crops in south-east, central and north eastern Scotland. It is also possible that the
midge's presence may have gone undetected in other areas where lower population
levels were present. The results suggest that population density is highest in the south
of the country and decreases to the north. Whilst it is possible that an unknown
variable which co-varies with latitude i.e. daylength or temperature, influences the
69

degree of infestation, it is more likely that the distribution reported is consistent with
population spread from the English border.

Larval D. hra,ssicae infestation levels in the Scottish Borders were similar to those
reported in southern England. However, yellow trap catches of adults were
considerably lower than reported from the south east of England and were closer to
those reported from northern England. Two generations of D. brassicae occurred on
both winter and spring rape in south-east Scotland, and three to four generations
occurred in total, at least three of which were supported by oilseed rape. This
description of phenology is similar to that reported in English studies. Further
monitoring is advisable to elucidate the boundaries and relative abundance of
D. hras.sicae

P.

in Scotland and to monitor subsequent spread.

chrysocephala

was not detected during this project despite populations previously

being reported to be widespread throughout lowland Scotland (Foster, 1986). The
Scottish distribution of P. chiysocepha/a needs to be studied in more depth, with
more intensive sampling over several years. Surveys should concentrate on the use of
yellow traps throughout the year, especially over the winter months. In addition, stem
sampling initiatives should be extended from the current autumn ADAS recommended
guidelines into early spring. However, P. chrysocephala is clearly not an economically
injurious pest of Scottish oilseed crops at the present time.

A consequence of P. chrvsocephala's absence during sampling, combined with the
low population levels currently reported from England, is that it was not possible to
obtain sufficient numbers of the beetle to allow experimental investigation of its
climatic response. Even in the south east of England, where the highest UK

P.

chrysocephala

populations are recorded, sampling did not allow the procurement

of enough individuals to allow experimentation to be carried out during the course of
this project (Bartlet, pers. comm.). In addition, P. chrysocephala is present only in
Europe (Lamb, 1989, Hill, 1987), apart from one reported incidence of larval and
pupal presence in Newfoundland in 1952 (McNay, 1952). Therefore no other data is
available to validate a CLIMEX model based on inference. Without either relevant
comprehensive experimental data or a means of validation to back up inference from
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reports of distribution and abundance, the use of CLIMEX is no more than that of
climate matching. Because of the inherent limitations of the climate matching method,
as discussed in Chapter I, confidence cannot be placed in predictions generated in this
way. Therefore, CLIMEX models will be constructed for C. ass/mills and
D. hrassicae only.
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Chapter Three
Introduction to CLIMEX
3.1) Program description
1. I) Introduction
CLMEX is a computer based simulation system which integrates meteorological
information and species-specific parameters to determine locations favourable for the
development and persistence of ectothermic organisms. The program is defined by its
creators as "a dynamic simulation model enabling the estimation of an animal or
plant's geographic distribution and relative abundance" (Skarratt, Sutherst &
Maywald, 1995). CLIMEX for windows' (Version 1.1) is used during this project to
predict the potential range and colonisation ability of the insect pests under study.

There are three separate functions within the CLIMEX program
Compare locations function
This is the main function of the program. A species-specific parameter profile is
created, and is compared with meteorological conditions at target locations to
provide an overall index describing their favourableness for the species'
persistence. This function will be used to predict the potential range and
colonisation ability of the species under study. The compare locations function is
described in more detail later in this chapter.

Match climates function
This function can be used where insufficient information concerning the species'
climatic response is available to allow the estimation of parameter values. A simple
climatic match can be performed on a nominated location where the species is
known to be damaging. The level of similarity between the nominated location and
the target area is given by a match index, which is the product of five component
indices; maximum temperature, minimum temperature, total rainfall, rainfall pattern
and relative humidity. In the default setting all variables are weighted equally in the

1

Produced by the Crop Research Centre for Tropical Pest Management. University of Queensland.
Brisbane. Australia
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calculation of the match index, but each index can be compared individually and
the weighting of the component indices can be altered. This application is
equivalent to the climate matching method described in Chapter 1,

3. Compare years function
In this function, long-term daily or weekly meteorological data from a particular
location can be compared with the species' parameter profile. This allows
predicted seasonal phenology to be examined in detail in relation to real
meteorological data, as opposed to the monthly averages used in the compare
locations dataset. This is useful for validation of parameter values, allowing
predicted and actual phenology to be compared. In addition, this function can be
used to predict population response to climatic extremes.

3.1 .2) Compare locations function
The main application of CLIMEX is the comparison of the climatic suitability of
locations for species' persistence (compare locations function). Parameters describing
a species' climatic response are compared with meteorological data from locations
world-wide, providing an estimate of both potential range and climatic favourableness
within that range. The CLIMEX meteorological database contains data from 2033
locations and additional locations may be added. The data is held as 30 year (196190) monthly means of daily maximum and minimum temperature, daily 9 am. and 3
p.m. relative humidity and weekly rainfall.

The overall index produced by the compare locations function is the ecoclimatic index
(El). The El is defined as "the permanent colonisation potential of the species and
propagation of damaging populations.... describe(s) the overall favourableness of the
location" (Sutherst & Maywald, 1991). The El integrates two sets of indices, which
are collectively termed as the growth index (GI) and the stress index (SI). The growth
index is analogous to the intrinsic rate of population increase and describes population
growth under favourable climatic conditions. The stress index describes population
persistence during periods of unfavourable climatic conditions. The structure of the
components of the ecoclimatic index are displayed in Figure 3. 1, and a more detailed
description of the compare locations function follows.

73

Temperature Index

Upper and lower developmental and optimal limits

Moisture Index

Upper and lower developmental and optimal limits
its

Index

Induction and termination daylength & temperature

Growth Index

Light index

I

-1

Threshold and optimal daylength

I

Threshold and accumulation rate

Ecoclimatic Index

Wet Stress Index
Dry Stress Index

1

Threshold and accumulation rate

11

Stress Index
Heat Stress Index
Cold Stress Index

F

Threshold and accumulation rate

I

Threshold and accumulation rate

Figure 3.1 Structure of the constituent indices and parameters used to calculate the ecoclimatic index (refer to text for parameter description).

Ecoclimatic Index
The ecoclimatic index (El) integrates the annual growth and stress indices to provide
a single measure of the potential of a given location to support a given species. El is
scaled between zero and 100, an El of, or close to, zero indicates that the location is
not favourable for the long term survival of the species.
El = (GI..) x SI
Where GIA is the annual growth index and SI the combined stress indices.

Growih Indices
The growth indices describe the species' response to climate, taking into account the
effects of diapause and daylength where relevant.
GI = T6. x TIw x LI x DI
Where GI is the growth index, TI the temperature index, LI the light index
and DI the diapause index. The subscript 'W' denotes a weekly index.
The weekly values are summed and averaged to give an annual growth index (GI)
scaled between zero and 100.
= 100 1 GII52
1

The weekly GI is used to infer the period of seasonal activity of the species. The
annual GI gives an indication of the climatically determined potential relative
abundance of the species across its range. The four component indices; temperature,
moisture, diapause and light are outlined in more detail below.

1) Temperature index
The weekly temperature index (TI) varies between zero and one and describes the
response of the species to the daily temperature cycle. The index is based on the
following parameters:
Limiting low temperature (DVO). It is assumed that no population growth takes
place below this temperature, which may limit development or behaviour.
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Lower optimal temperature (DV 1). The lowest constant temperature at which
population growth is maximised.
Upper optimal temperature (DV2). The population growth rate is reduced if the
maximum temperature exceeds this value.
Limiting high temperature (DV')). Population growth is reduced to zero if the
maximum temperature equals or exceeds this value.
Minimum day-degrees (PPD). This is an optional parameter which can be used
when the minimum number of day degrees needed for the complete development of
a univoltine species is known. If this minimum is not attained, TI, and subsequently
GI, will equal zero for that location.

When the range of daily temperatures is between the lower (DV 1) and upper optimal
(DV2) temperature parameters, TI Nv = 1 and population growth is maximised. If the
daily range of temperatures are below the limiting low temperature (DVO) or above or
above the limiting high temperature (DV3) then TI w = 0 and population growth is
zero. The weekly temperature index is calculated from two components:
Tl = X

Ih

The first component, I. describes the effect of temperature on development rates. 'q IS
calculated from average daily minimum and maximum temperatures. A sine curve is
fitted to approximate the daily temperature cycle. The area below the curve and above
the lower development threshold temperature (DVO) is calculated as Q (the
accumulated day degrees above DVO).
I( = Q/A if Q < A
= I if >A
Where A = the accumulated day degrees above the limiting low temperature
(DVO) assuming a constant lower optimal temperature (DV 1).
The second component.
temperatures:
If DV2

<Tmax

'h,

describes the reduction in survival rates at high

If Tmax < DV2, then 'h =
<DV3, then 'h = - ( T 11 DV2)I(DV3 - DV2)
If Trnax > DV3, then 'h = 0
-

Where Tm, is the maximum temperature, and DV2 and DV3 are the upper
and lower optimal limit parameters.
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2) Moisture Index
The moisture index is a function of soil moisture, and the parameters have the same
form as the temperature parameters. However, moisture is assumed to be constant
over each 24 hour period-

The parameters are:
Limiting low moisture (SMO). At moisture levels below this value the population
growth rate is reduced to zero.
Lower optimal moisture (SM1). The lower limit of the range of optimal moisture
levels.
Upper optimal moisture (SM2). The upper limit of the range of optimal moisture
levels.
Limiting high moisture (SM3). At moisture levels above this value the population
growth rate is reduced to zero.

The moisture index varies between zero and one. When moisture levels are between
the upper (SM2) and lower (SM I) optimal moisture parameters then MI = 1 and
population growth is maximised. When moisture is below the lower limiting level
(SMO) or above the upper limiting level (SM3) then MI = 0 and population growth is
zero. The soil moisture balance is calculated weekly from stored soil moisture, the
current week's rainfall and evapotranspiration.
Soil moisture (SM) = S- 1 +
Sma.

Where S 1- 1 is the estimated available water from the previous week, P, is the
rainfall in the current week, Ej is the evapotranspiration in the current week
and S,%, is the assumed maximum available soil water storage.
In all calculations, maximum soil storage capacity is set at 100 mm and the
evapotranspiration constant at 0.8.
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3) Diapause Index

The diapause index is optional. It reduces the growth index to zero during the period
of diapause development without affecting stress accumulation over the diapause
period. This index effectively models phenology, and is composed of five parameters:
i) Diapause induction daylength (DPDO). The average daylength which induces
diapause.
if)

Diapause induction temperature (DPTO). The daily temperature which induces
diapause.
Diapause termination temperature (DPT 1). The daily temperature which terminates
diapause.
Diapause development days (DPD). The minimum number of days required for
completion of diapause, for use in species where diapause is obligate. This
parameter can be set to zero if diapause is facultative.
Diapause summer or winter indicator (DPSW). This

IS

Set to zero to indicate

winter diapause and I for summer diapause.

The diapause function works in the following way. For winter diapause the function is
initiated when daylength is decreasing and less than the diapause induction daylength
(DPDO) and the daily minimum temperature is less than the diapause induction
temperature (DPTO). It is terminated when daylength is increasing, the daily minimum
temperature is greater than or equal to the diapause termination temperature (DPT I)
and diapause development is complete (if DPD has been set). The opposite procedure
applies when aestivation is being represented.

4) Light index
The light index enables the growth and development of plants to be described. There
are two defining parameters, LTO is the daylength, in hours, above which growth is at
a maximum, while LT is the daylength below which growth ceases. This index is not
used during this study.
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S1ress Indices
The stresses are those climatic factors which limit the geographical distribution of a
species. There are four stress functions; hot, cold, wet and dry. Interactive indices
describing the combined effects of any two stress factors can also be applied. Each
function is composed of two parameters, a threshold which determines the level above
or below which stress is accumulated, and a rate parameter which determines the rate
of stress accumulation. The effective weekly stress is defined as the weekly stress
multiplied by the number of weeks since the stress was zero.
VSxt
Where V is effective stress value, S is weekly stress and t is the time since zero stress.

Accumulated stress is calculated as follows:
accumulation rate x magnitude of deviation x number of previous
(e.g. °C)
weeks of stress

For example, If cold stress accumulated at a rate of 0. I and the minimum temperature
was consistently 1 °C below the cold stress threshold the stress would accumulate as
displayed in Table 3.1.

Table 3.1 Stress accumulation mechanism

Week
2
3
4

Stress Rate
Accumulated Stress
0.1xlx1=0.1
0.1
0. 1 x I x 2 = 0.2
0.3 (0.1 + 0.2)
0.1 xIx3=0.3
0.6 (0.3+0.3)
0.1 x 1 x4 = 0.4 1 (0.6+0.4)

An accumulated stress of one is lethal, so this species would accumulate lethal stress
after four weeks. This value is multiplied by a hundred in the annual stress index
below, to give a lethal yearly value of 100.
52

SI = 100 NE V 1 / 52
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Summary ofparam eters
In summary, the CLIMIEX parameters used to describe the climatic response of
ectothermic species are as listed in Table 3.2

Table 3.2 CLIMEX parameters
Definition

Growth Indices Parameter
Temperature

Moisture

Diapause

Light
Stress Indices
Cold
Heat
Wet
Dry

DVO
DVI
DV2
DV3
PPD
SMO
SM 1
SM2
SM3
DPDO
DPTO
DPT 1
DPD
DPSW
LTO
LT1
Parameter
TTCS
TI-ICS
TTHS
THHS
SMWS
HWS
SMDS
1-IDS

Limiting lower temperature
Lower optimal temperature
Upper optimal temperature
Limiting upper temperature
Minimum day-degrees
Limiting lower moisture
Lower optimal moisture
Upper optimal moisture
Limiting upper moisture
Diapause induction daylength
Diapause induction temperature
Diapause termination temperature
Diapause development days
Diapause summer or winter indicator
Daylength above which growth is maximum
Daylength below which growth ceases
Definition
Cold stress temperature threshold
Cold stress temperature rate
Heat stress temperature threshold
Heat stress temperature rate
Wet stress threshold
Wet stress accumulation rate
Dry stress threshold
Dry stress accumulation rate

3.2) Parameter fitting
Each species has a unique set of parameters which estimate its response to climate.
The values of the parameters are derived from distribution and abundance data and
are supported by data from experimentation concerning the species' climatic response.
Templates are provided for wet tropical, Mediterranean, temperate and semi-arid
insect pests as a starting point for manipulation.
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The roles of the stress and growth indices are distinct and the two groups are fitted
separately. The stress indices describe the limits of geographical distribution and are
fitted first to provide an outer framework within which the growth parameters will be
effective. The values of the stress parameters are inferred from the limits of the
observed distribution. Care must be taken during this process that the boundaries are
indeed governed by climate, and other factors, such as geographical barriers, are not
limiting, especially when the continent or land mass of origin does not provide a wide
range of climatic conditions. The growth indices relate to seasonal activity patterns
and relative abundance within the range and can be estimated from information
pertaining to relative abundance and seasonal phenology. Initial parameter values may
be approximate but must be biologically reasonable and within constraints suggested
by the information sources. Even with a great deal of experimental data on the species
climatic response it may still be necessary to make some arbitrary decisions, such data
is most useful when used in conjunction with field data.

Parameter fitting is an iterative procedure. After each parameter adjustment the
predicted climatic response of the insect is compared with known responses at several
indicative locations. When correspondence has been achieved, the final parameters
can be used to predict the response of the species in areas outwith the current range.
Where the insect is present in more than one continent the parameters can be inferred
from data from one and then the predicted fit can be compared with distribution,
abundance and phenology in the other to provide validation.

3.3) Output
The output from the compare locations function can be viewed in three ways. The
data can be obtained as a table containing all constituent index values from each
location in annual or weekly form. The annual indices can also be viewed on a map of
the target area. Figure 3.2 shows the H values generated for Leptinolcirsa
decenilineata (Colorado beetle) in Europe. Finally, the weekly indices for individual
locations can be displayed as graphs. Figure 3.3 shows the predicted weekly growth,
moisture and cold stress indices for L. deceni/ineata in Cambridge. The parameter
values used to generate both the map and graph were supplied with CLTMEX.
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Figure 3.2 Map of ecoclimatic index values generated for the Colorado beetle
in Europe.
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Figure 3.3 Graph of weekly growth, moisture and cold stress indices for
Leplinotarsa decemlineata in Cambridge.

3.4) Summary
In summary, CLIMEX is a computer based simulation system which integrates
meteorological information with species-specific parameters to determine areas
favourable for the development and persistence of ectothermic populations. The
parameters defining a species' climatic response are set iteratively by integrating
information concerning the species' distribution, abundance and phenology in its area
of origin with experimental data describing the species' climatic response. The
inclusion of experimental data reduces the possibility of mis-interpretation of the
effects of non-climatic factors. When final parameter values have been set they can be
used to predict the response of a species in areas outwith its current range.
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Chapter Four
Investigation of the climatic response of
Ceutorhyn ch us ass/mi/is
4.1 ) Introduction
This chapter aims to elucidate the relative importance of the factors governing the
current geographic range and abundance of C. ass/ni/I/s. The action of both climate
and other range determining factors will be considered, and the information gathered
will be integrated, using CLIIVIEX, to estimate C' ass/mi/is' climatic response.
Initial deductions will be made by reviewing information in the literature pertaining to
the distributional limits and relative abundance of C ass/ni//is Areas where further
information is needed to increase confidence in CLIMEX parameter values will be
identified, and appropriate experimentation will be carried out. Experimental and
phenological data from the literature will also be used to increase confidence in the
parameter values assigned.

The chapter is structured as follows; the first section consists of a literature based
review of the current European and North African distribution and abundance of
C assinzilis. Secondly, areas which require experimental study to provide support for
CLIMEX parameter estimates are identified, and the rationale behind these choices is
explained. The following section of this chapter reports the results of the
experimentation. Finally, the parameterisation process is presented and the final
parameters are validated using North American data. The CLIMEX parameter values
will then be used to predict

. assimilis' climatically determined potential world-wide

( 7

range in Chapter 6.

4.2) Distribution and relative abundance
C assimilis is an important pest of oilseed rape in both Europe and North America
(Dmoch, 1965a; Hill, 1987, Lamb, 1989; McCaffrey, 1992) and has also been
reported from northern Africa (Bonnemaison, 1957; Lahmer, Filali & Sekkat, 1992).
No accounts of the weevil's presence outwith the aforementioned continents are
present in the literature. As a consequence of C. assimili.v being indigenous to Europe,
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the majority of studies concerning the species originate from this continent. Although,
C a.ssirni/is has been reported from North America since 1935 (Baker, 1936), few
studies concerning the weevil's distribution, abundance and phenology have been
published from this continent. The relatively recent introduction of

( 7

. a.ssimilis to

North America, in conjunction with the recent large-scale increase in US rape
cultivation, raise the possibility that that C ass//ni//s may have not yet have attained
its full potential range within this continent. Therefore, the parameter fitting process
will be based on studies and observations from ('.

ass/ni//is'

European and north

African range. Data pertaining to North America will be used for validation of the
final parameter values.

4.2.1) European and northern African Distribution
C. assimilis is an indigenous pest of Europe and is reported to be present wherever

rape is grown within the continent (Hill, 1987; Lamb, 1989). The northern limit of
C. ass/mi/is' European distribution corresponds with the limit of oilseed rape
cultivation in Sweden at around 60 (Ahman, pers. comm.). Literature reports
concerning C'.

ass/ni//is

are available from the following countries; Austria, Czech and

Slovak republics, Denmark, Finland, France, Germany, Holland, Hungary, Italy,
Norway, Poland, Russia, Sweden, Switzerland, UK and the former Yugoslavia.
Bonnemaison (1957) also records the weevil's distribution as encompassing Sardinia,
Turkey and the Crimean peninsula in the Ukraine, however, no references are given to
identify the source of this information.

C. ass/ni//is

has been reported to be present in Algeria (Bonnemaison, 1957) and

north-west Morocco (Lahmer et at., 1992; Bonnemaison, 1957). The weevil has not
been recorded south of these areas in the African continent.

4.2.2) European and northern African abundance
Broniand (1990) conducted a questionnaire-based survey of the perceived relative
importance of pests and diseases of oilseed rape in nine northern European countries
(Denmark, Finland, France, Germany, Holland, Norway, Sweden, Switzerland and the
UK). Researchers rated insect pests as; absent, common but not harmful, seriously
damaging or very seriously damaging. In this study. C'.

ass/mil/.v

was reported to be a

very seriously damaging pest of winter rape crops in Denmark, France, Holland and
the UK and seriously damaging in Germany. In Switzerland and Sweden the weevil
was reported to be common but not harmful. In Switzerland, C. ass/mi/is is only
considered to be damaging when it is present in association with L. brassicae and
pesticides are only used against the weevil in areas where D. brass/we levels are high
(Buchi, 1993). In spring crops, C as'wi,I/s was reported to be common but not
harmful regardless of country. The weevil is a more serious pest of winter rape
because of its phenology; spring crops have not reached pod formation when adult
oviposition is at its maximum, as a consequence lesser damage is received (Gould,
1975; Free & Williams, 1978a; Free & Williams, 1979b, Lane 1996).

In addition to the reports collected by Bromand (1990), the weevil is described as an
important pest of rape crops in Italy, especially in central northern areas where rape
cultivation is greatest (Albertini el at., 1988), and also in the former Czechoslovakia
(Sediv & Kodys, 1960; Horsakova, 1985) and the former Yugoslavia (Maceljski ci
at., 1980). In Poland the weevil is considered to be a very serious pest of oilseed
crops (Piekarczyka, 1994). Although C. assirni/is has been reported in Austrian
brassica crops (Berger, 1985, Bechman, 1987), Berger ( 199 1 ) stated that the weevil is
of low importance, and weevil infestations rarely merit the application of pesticides.
Bonnemaison (1957) reported that although C. ass/mi/is had been recorded in the
Ukraine, Sardinia and Turkey it was of lesser economic importance in these areas than
in central Europe.

Although several sources suggest that C ass/ni//is is present on Russian Federation
and Hungarian brassica crops (Baker, 1936; Shurovenkov, 1984, Sag', 1988), no data
concerning the pest's abundance or relative importance is given.

Few references exist with regard to the abundance of C. as.simi/is in northern Africa.
Bonnemaison (1957) described Moroccan and Algerian populations as being of low
abundance and not economically damaging. However, Lahmer et al. 's (1992) study in
Morocco showed varying abundance levels amongst three locations in north western
Morocco. Ceuiorhynchns spp (C. quadridens,

(17.

p/c/tars/s and C. ass/in//is) were

collectively recorded as high, medium and low in Douyet. Ras Jerry and L'ENA
M
.

respectively. Only general terms were used to describe abundance and no absolute
values were given, nor was any indication given of the severity of C. ass/mi/is'
damage to the crop. However, Lahmer et al. (1992) reported D. hrassicae infestation
levels of 67 % on a winter rape crop in Douyet. Although C. ass/mi/is larval
infestation rates were not mentioned directly, it is generally accepted that

D. bra.ssicae primarily relies on C 1 assinil/is feeding and oviposition punctures for
access to the pod (Skrocki, 1979b; Sylven & Svenson, 1975 Winfield, 1992;
Ferguson el at., 1995). This would suggest that C. ass/ni//is larval levels are also of a
similar magnitude to that of D. brassicae, and therefore Moroccan populations are
not necessarily of low abundance. The weevil's relative importance (where known) in
the constituent countries of Europe and northern Africa is summarised in Table 4. 1.

Table 4.1 Relative importance of C. ass/in//is on European and northern African
oilseed rape crops (na = not applicable, as form indicated is not cultivated).
Country

Norway
Finland
Sweden
Denmark
UK
Holland
Poland
Former USSR
Germany
Former Czechoslovakia
France
Austria
Switzerland
Hungary
Crimean Peninsula, Ukraine
Italy
Former Yugoslavia
Sardinia
Turkey
Morocco
Algeria

Relative Importance of
C. assuni/i.s
Winter OSR Spring OSR
na
X
na
X
X
X
XXX
X
XXX
X
XXX
na
I
na
P
na
XXX
na
I
na
XXX
na
U
na
X
X
P
U
I
na
I
na
U
na
U
na
U
P (1?)
na
U

Reference

Bromand (1990)
Bromand (1990)
Bromand (1990)
Bromand (1990)
Bromand (1990)
Bromand (1990)
Piekarczyka (1994)
Shurovenkov (1984)
Bromand (1990)
Horsakova (1985)
Bromand (1990)
Berger(l99l)
Bromand (1990)
Sagi (1988)
Bonnemaison (1957)
Albertini ci at. (1968)
Maceljski ci at. (1980)
Bonnernaison (1957)
Bonnernaison (1957)
Bonnemaison (1957)
Lahmer e/ at. (1992)
Bonnemaison (1957)

Tlmportallce; X = common but not harmful, XX = seriously damaging, XXX = very seriously
damaging (after Bromand, 1988). For the remainder of the locations I = important pest, U =
present but economically unimportant and P = present but importance unknown.

In addition to broad expressions of the weevil's relative abundance within its range,
published C'. assiinilis abundance data exist for various locations. However, these
studies utilise different sampling techniques (yellow trap sampling, sweep netting,
beating counts and the dissection of pods to determine larval infestation levels) to
estimate the weevil's abundance. The use of different methods of assessment between
studies can make meaningful inter-study comparison difficult.

Even when sampling methods are comparable, disparate techniques, equipment and
the environmental conditions under which sampling was conducted can influence the
magnitude of weevil catches. For example, yellow trap catches of C. as/iniIis have
been found to vary in magnitude in relation to both trap height and aspect. Dmoch
(1965a) found that yellow water traps maintained at crop canopy level caught three
times as many adult weevils as those maintained at 10 cm above the ground. In
addition, Smart, Blight & Hick (1997) found that whilst yellow sticky-card traps
mounted vertically and at a 450 angle were effective for capturing adult C ass/mi/is,
horizontally mounted traps caught very few. The positioning of the trap within the
field may also influence the numbers of weevils caught, Free & Williams (1978a and
1979b) found that in lightly infested crops the edges of the field are more heavily
infested than the centre, although in heavier infestations the pattern is more uniform.
Edner & Daebeler (1984) found that such an edge effect is more pronounced in larger
fields (over 80 ha) and that in fields of less than 40 ha weevil distribution is less
patchy. The prevailing weather conditions during sampling may also affect the
magnitude of catches from both sweep netting and tray beating assessments. For
example, C'. ass/mi/is activity and the proportion of weevils situated at the top of the
crop, and therefore accessible to sweep netting and beating counts, is greater in
sunny, warm weather (Bonnemaison, 1957; Dmoch, 1965a; Ballanger, Toustou &
Daguin, 1995). Conversely, such assessments can be negatively influenced by cold,
windy and wet weather (Smart, Blight & Lane, 1996). Walters & Lane (1994) found
that tray beating assessments carried out at below 14 °C seriously underestimated
C. ass/ni/I/s populations. In addition, sweep netting technique varies amongst
samplers and this may also influence the magnitude of the subsequent catch, as may
the disturbance of the movement of the sampler through the crop if tram-lines or crop
breaks are not available to sweep from (Smart el at., 1996). Even the material a

IøJ

sweep net is composed of can affect catch size, Dmoch (1965a) found that the
greatest number of insects were caught when a fine gauze net was used, and reported
that heavier cotton or linen bags caused an air current which preceded the net and
displaced many of the weevils from the plants.

In conclusion, the combination of differences in methodology, which may or may not
be frilly reported in a published paper, and environmental conditions at sampling
necessitate that the direct comparison of abundance data must be treated with caution.
Additionally, the paucity of data with regard to trap and beating assessments of weevil
abundance can be considered inadequate to allow meaningful comparisons to be
made. Consequently, the most reliable abundance data for comparison may relate to
the percentage larval infestation of pods, as environmental factors at sampling do not
effect the resultant data. Therefore, such data has been collated and is presented in
Table 4.2.

Table 4.2 C. ass/mi/is larval infestation levels recorded in European oilseed
rape crops. (na = data not available)

Country
Austria
Poland
Poland
Poland
Sweden
Switzerland
UK (England)
UK (England)
UK (England)
UK (England)
UK (England)
UK (England)
UK (Scotland)
Country
UK (England)
UK (England)
UK (England)
UK (Scotland)

% Larval infestation of winter rape crops
Reference
range
Years of No. of mean
crops
study'
Becliman (198 7)
na
23
na
na
Dmoch (1965a)
105
13
7 to 63
6
na
Cmoluch (1980)
na
up to 80
na
2.2 to 5.8 Dmoch & Sulgostowska (1986)
3
4.3
2
54 to 70
Borg (1952)
na
na
na
na
na
0. 1 to 2.3 R. BUchi (pers. comm.)
2
Free el al. (1983)
1
6
na
1
19
10.2 2.4 to 25.7 Free & Williams (1978a)
1
2.4 to 22.5 Alford el al. (1995)
3
9.9
1
111
2.4 to 42.5 Free & Williams (1979b)
3
10
53
27.3
0 to 80
Gould (1975)
3
na
11.5
1
2
to 68 Winfield (1961)
32.6
8 to 79
Current study (Chapter 2)
1
20
% Larval infestation of spring rape crops
range
Source
Years of No. of mean
crops
study
18.7
na
Free c/at. (1983)
1
1
0.4 to 12 Free & Williams (1 978a)
22
5
1
191
19
0to78
Gould (1975)
6
1
16
11.5
Ito 22
Current study (Chapter 2)

No. of years over which study was conducted No. of crops monitored over course of study
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Intra-country variation is displayed in the larval infestation data in both spring and
winter rape (Table 4.2). Of the six UK studies of winter rape infestation where a mean
is given, four lie between 6 and 13 % (Free & Williams, 1978a; Free & Williams,
1979b; Free, Ferguson & Winfield, 1983; Alford, Murchie & Williams, 1995). The
other two studies report infestation levels of roughly double that, at 27 and 32 %
(Gould, 1975 and current study respectively). The range of infestation reported from
these latter two studies are also very similar, 8 to 79 and 0 to 80 % respectively, and
are higher than those from the four aforementioned studies which do not exceed
maximum infestation levels of 20 to 40 %. In addition, in Poland, Dmoch &
Sulgostowska (1986) report an upper range of infestation of only 5.8 %, whilst the
other two Polish studies recorded upper ranges of 63 and 80 % (Dmoch, 1965a and
Cmoluch, 1980, respectively).

A similar range of infestation levels are found throughout Europe. The only data
which is considerably different from the others, both in mean and range, are those
from Switzerland (Buchi, pers. comm.) and the Dmoch and Sulgostowska (1986)
Polish study, where the infestation levels reported are considerably lower. In addition
to the above data, Lahmer el al. (1992) reported D. brass/cue infestation levels of 67
% on a winter rape crop in Douyet in northern Morocco. As it is generally accepted
that the pod midge primarily relies on C. assirnilis feeding or oviposition punctures
for access to the pod (Sylven & Svenson, 1975; Skrocki, 1979b; Winfield, 1992;
Ferguson ci al., 1995), this would suggest that Moroccan weevil levels may also be of
a similar magnitude to that reported from mainland Europe.

In summary, it is not possible to draw any firm conclusions about the weevil's relative
importance between countries from the larval infestation data reported in the
literature. Although variation in mean levels occur between studies, most fall within
similar ranges and intra-country variation is as diverse as that displayed between
countries. In addition, all of the studies, with the exception of Dmoch (1965a), are of
less than three years duration and therefore the data presented do not allow for annual
variation. Insect populations exhibit strong temporal variation, and although in most
cases such fluctuations are poorly understood, interactions between individuals,
parasites, predators and food supplies, as well as the influence of climate have been
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suggested as possible causes (Ewald, 1987). ADAS monitor the mean number of
adult C'. ass/mills per plant in 50 to 80 untreated winter rape crops annually. Mean
annual levels for the period 1982 to 1991 ranged between 0.26 and 0.7 individuals per
plant (mean 0.44) with no clear trend over time (Lane & Walters, 1993a). Such a
degree of variation indicates that data from a one or two year study cannot be
considered to be definitively indicative of abundance.

In addition, important variables which are known to influence the size of C. ass/mills
populations, such as pesticide application during monitoring or the composition of
winter and spring forms of rape grown in that locality, are not adequately reported. It
has been found that in areas where both forms of rape are grown, weevil populations
are larger (Winfield, 1992; Anon., 1996) presumably due to the increased temporal
availability of the host. The length of time the crop has been cultivated can also
influence the magnitude of the population. Gould (1975) found that the percentage of
larval infested pods increased with the number of years rape had been grown in an
area. This trend has also been noted by Free & Williams (1978a) and Winfield (1992).

In addition to the factors already discussed, the differential influence of natural
enemies on populations cannot be discounted as a abundance modifying factor in a
spatio-temporal framework. C. assimilis is host to a wide range of hymenopteran
parasitoids. Table 4.3, overleaf, displays the common species and the countries in
which they have been recorded. In addition, the soil-dwelling stages of C. ass/nil/is
are also attacked by fungi, bacteria, nematodes and carabids (Bonnemaison, 1964).

The parasitism rates encountered by C. ass/mills can be high. The most abundant
parasite of the weevil is Trichomalusper/ectus Walker (Hymenoptera: Pteromalidae),
a larval ecto-parasite which has been found to infest up to 95 % of seed weevil larvae
(Lerin, 1987). Reports of levels of C. ass/ni/I/s parasitism are displayed in Table 4.4.

91

Table 4.3 Summary of reported Hymenopteran parasitoids of C. assimi/is
Species
!t'Iicroc/onus melanopus

Country

Stage attacked
adult

Reference'

9
US
Holland
2
Germany
19,16
France
15,3
14
Canada
larvae
Switzerland
4,8
Mesopolohiis mar ys
Sweden
17
14,18,5
US
Yugoslavia
13
Germany
19
France
11,5
larvae
Switzerland
4
Sienornalina muscaruni
Sweden
17
Poland
6
Switzerland
larvae
4,8
iric/ioinaliis perfect us
England
I
Sweden
17
Germany
12,10
Poland
6
Canada
14
US
14,5,18
Holland
2
France
15,3
Poland
larvae
6
Habrocystus spp.
Canada
14
Habracytus se/no/us &
US
14
H. clispar
14
larvae
Canada
Lupe/niella vesicular/s
US
14
larvae
Canada
14
Eurotonia spp.
US
14,7
14
larvae
Canada
Necremniis duplicalus
14,7,18
US
larvae
Canada
Zairopis spp.
14
14
US
larvae
US
14,5
AmhIvmeruS spp
Spiloclia/cis side
larvae
US
14,5
larvae
Trimeromichus macu/a/us
US
14,18
Anionic/la dec/inata
egg
Holland
2
France
3
larvae
Poland
6
Pirenue spp.
larvae
Poland
Isurgus morione/lus
6
1 Alford, Murchie & Williams, 1995; 2. Ankersmit, 1956; 3. Bonnemaison, 1957; 4. BUchi,
1993; 5. Carlson, Lange & Sciaroni, 1951; 6. Dnioch & Sulgostowska, 1986; 7. Gahan,
1941; 8. Günthart, 1949; 9. Harmon & McCaffrey, 1997: 10. Heyrnons, 1922; 11.
Jourdheuil, 1961; 12. Laborius, 1972; B. Maceljski e/ al., 1980; 14. McLeod, 1953; IS.
Risbec, 1953; 16. Speyer, 1925; 17. Von Rosen, 1964; 18. Walz, 1956; 19. Weiss, 1940.
--

-

-

--

Table 4.4 Levels of recorded C. cissimi/is parasitism (na = data not available)

Country
Poland
England
Switzerland
Switzerland
England
England
France
US (California)
Switzerland

Mean
13
na
31
na
49
65
69
4.4
na

na
US (Idaho &
Washington)
tt
'1' perfcc/us only A4.

Larval Parasitism (%)
Reference
Range
Dmoch & Sulgostowska (1986)
8.8 to 16.1
Alford el cii. (1995)
20 to 70
Büchi, R. (1993)
3 to 70
Linz, B. (1992)
6 to 66
21 to 73
Alford el al. (1995)t
Alford ci cii. (1996)
na
na
Lerin (1987)t
Carlson et al (195 1)
0 to 27
Buchi & Roos-Humbel (199 1)
3 to 80
Adult Parasitism
Harmon & McCaffrey (1997)tt
0 to 27

melanopus only

Although parasitoid population abundance and range may also be ultimately
controlled by climate, the composition of parasitoid species may vary amongst
countries and in relation to other factors. Different parasitoids are of varying
importance geographically; Von Rosen (1964) found S. rnuscariiin, M. morys and L
perfectus in Sweden, and reported that the latter was most abundant. In Switzerland,

Büchi (1993) also found the three aforementioned ectoparasites but M. niorys was the
most abundant, outnumbering the others by over seven to one. In Germany,
Laborious (1972) found T per/cc/us almost exclusively. The distribution and relative
abundance of C. assiniilis' parasites has not been well investigated, and may play an
important part in the reported relative abundance of the weevil.

In conclusion, this brief overview of the literature has highlighted the disparity in
methodology which exists between surveys, and also indicates that factors other than
climate may influence abundance differentially within a species' range. As both
temporal and spatial variation may be sizeable, deductions concerning relative
abundance of C. ass/mills which are based upon data from different studies is of
limited scientific value. Whilst long-term, comparable data would be invaluable it is
rarely available, therefore, in the case of C. ass/nil/is, the broad-scale importance data
such as that collected by Bromand (1990) is more useful than recorded accounts of
abundance.

93

4.3) Integration of information and experimentation required
The rationale behind the CLIMEX program is that parameter values are assigned to
reflect observational distribution and abundance data throughout the species' range,
and that these parameters are preferably supported by experimental data concerning
the species' climatic response.
The reported distribution and relative abundance of C. assinillis indicate that a classic,
temperature-driven model could be applied; i.e. climatically imposed upper and lower
distributory limits in Africa and Scandinavia respectively, and an optimal core
abundance between 45 and 55 °N (Figure 4.1). However, the possibility that
confounding variables exert an influence over this pattern cannot be discounted. The
limits of C assirnili.s" European distribution correspond with limits of oilseed rape
cultivation. In addition, within these limits the optimal core of distribution
corresponds with the main rape production areas (Figure 4.1).

Recorded distribution & relative importance of C. assimilis

*

Economicaily important
* Pint but cconotnically unimportant

-

Area of rape cultivated in 1996 (1.000 Ha)

rM

*

-

100to500
0100

Type of rape cultivated

fl mainly winter (>80%)

Ii

*

in iiiil', sprmg (>80%)
spring and winter

composition unknown

0

500

1000

Scale (n)

Figure 4.1 Oilseed rape production and relative importance of C. ass/mi/is in
selected European countries

The majority of Europe's oilseed rape cultivation takes place between 45 and 55 °N
(Figure 4. 1). Germany and France have dominated European oilseed production over
the last 20 years, and each contribute between 20 to 30 % of the combined European
crop. The next biggest producers are the UK, Poland and the former Czechoslovakia,
which each produce around 10 % of the European crop (FAOSTAT Database).
Cultivation in other individual European countries is relatively small and usually
accounts for no greater than 1 to 2 % of total production. Figure 4.2 displays
percentage oilseed rape production in Europe between 1991 and 1995.
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Figure 4.2 Relative European oilseed rape production between 1991 and
1995. The error bars represent the standard error of the mean (FAOSTAT
Database).
It may therefore be expected that, disregarding climatic constraints, those countries
cultivating the greatest amount of oilseed rape and with the greatest historic tradition
of oilseed cultivation, would support the largest C. ass/mills populations. In addition,
the regional composition of winter and spring forms of oilseed rape may also exert an
influence over the pattern of abundance within C. ass/mills' European range. Because
of the weevil's phenology it is a more serious pest of winter than spring crops, as the
latter is not developmentally mature enough to provide oviposition sites upon

C. assimilis' emergence (Gould, 1975; Free & Williams, 1978a; Free & Williams,
1979b, Lane 1996). Predominately winter rape (> 80 % of the total crop) is cultivated
in the 45 to 55 °N latitudinal band, whilst spring forms dominate in the far north and
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south (Figure 4. 1). Spring rape is favoured in the north as its annual growing cycle
avoids harsh winter conditions, and in many southern European and almost all African
areas spring forms must be used as winter forms require vernalisation of around 10
weeks at 6 to 7 °C for the production of reproductively mature plants. However, in
Morocco, although only spring forms of rape are cultivated, they actually have a
biennial life cycle, as the climate allows it to be planted in the autumn instead of the
spring, profiting from the rainy season. Therefore, in this region the growth of spring
rape effectively mirrors that of winter rape in northern areas and, as such, will be open
to equal attack.

It is therefore clear that both the limits of distribution, and the greater relative
importance of the weevil in the mid-European region may be influenced, to some
extent, by factors other than climate. Therefore additional information concerning
C. ass/nil/is' climatic response is needed to increase confidence in the parameter
values applied. C. ass/mi/is' response to temperature has been infrequently reported.
Most reports consist of observational comments and little experimental work has been
undertaken, with the notable exception of Bonnemaison (1957). The experimental
work which has been reported often concerns the species' response to only one or
two temperature regimes, and such data is of limited use in this study. Therefore some
additional experimental investigation of C. ass/mi/is' response to temperature is
necessary. In addition, no experimental work concerning C. cissinil/is' response to
rainfall and resultant soil moisture has been undertaken, therefore this must also be
comprehensively investigated before parameter values can be assigned.

In summary, because of the inherent difficulties in attributing patterns of distribution
and abundance to climatic variables without being able to gauge the contributory
influence of other factors, the development and duration of all stages of C. cisc/mi/is
must be investigated over a range of temperatures. The impact of soil moisture levels
on soil-dwelling stages of C. ass/nil/is development must also be investigated.
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4.4) Temperature Experiments
4.4. 1.) Introduction
Almost all investigations of insect response to temperature reported in the literature
have been conducted under constant temperature conditions. Such data is of use for
calculating developmental thresholds and temperature accumulation requirements.
However, in the ecological context which is the focus of the present study, i.e. the
organism's response to temperature in a natural environment, such data is of limited
use.

Clear differences in the response of insects to fluctuating and constant temperature
regimes have been noted in numerous insect species (see Hollingsworth, 1968;
Hagstrum & I-Iagstrum, 1970 for reviews), including C. assirni/is (Bonnemaison,
1957) Allee et at. (1949) states that "In the laboratory, organisms exposed to variable
temperatures frequently, perhaps usually, show accelerated development as compared
with those held at a constant temperature of the same mean". Even temperatures
which are low enough to be lethal under constant exposure have been found to be
stimulatory when applied under a fluctuating regime (Behrens ci a/., 1983).

In addition to differences in developmental rate, Behrens et at. (1983) found that
fluctuating temperature regimes increased both oviposition and egg hatch success in
the Mediterranean field cricket (Gryl/us bimacuiaius). In addition, cricket larval
mortality was found to be 100 % at constant 20 °C, but was successfully completed in
a fluctuating regime with a comparable mean. Behrens et al. (1983) concluded that
"the physiological effects of a given temperature (day) are dependent to a large extent
on the associated alternating (night) temperature".

In conclusion, there are differences in the developmental response of insects to
constant and fluctuating temperature regimes. With the caveat that it is not possible to
exactly replicate a natural environment, exposing an insect to a fluctuating regime is
clearly a better approximation of such, and is far more useful in this context.
Therefore, a range of fluctuating thermal regimes reflecting those found in the current
distribution were implemented.
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4.4.2) Calculation of experimental regimes
The magnitude of the difference between the two temperatures used in the fluctuating
regimes was assigned by calculating the difference between mean monthly maximum
and minimum temperatures for 346 European locations (meteorological data from
CLIMEX database, all data in the form of 30 year monthly means). The mean
difference between maximum and minimum temperatures was found to be 7.75 °C
(± 0.04). However, the magnitude of the difference varies with season, with larger

deviations during summer months (Figure 4.3). When April to September, the months
in which C. assimilis is active, are considered alone, the mean difference is 9.05 °C
(+0.05).
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Figure 43 Seasonal variation in the difference between maximum and
minimum daily temperatures of four European locations.

As the magnitude of the difference between maximum and minimum temperatures is
not uniform throughout Europe, regression analysis was applied to the mean annual
temperature difference and latitude, longitude and altitude (Figures 4.4, 4.5 and 4.6
for line fit plots respectively). Significant negative linear relationships were found to
exist between temperature difference and both latitude and longitude (r 2 value 0.48; F
value 105.6; DF = 1345; P<0.001 and r2 value 0.17; F value 10.0; DF = 1345;
P<0.001 respectively). However there was also a significant positive linear
relationship between temperature difference and altitude (r 2 value 0.15; F value 7.75;
DF = 1345; P<0.01). As the mean difference was shown to co-vary with all three
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variables, a uniform 10 ° C difference between maximum and minimum temperatures
was adopted for all experimental regimes.
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Figure 4.4 Line fit plot of the difference between maximum and minimum
temperatures with respect to latitude for 346 European locations (r2-value
0.48; difference = -0.13 x latitude + 14.4).
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Five fluctuating temperature regimes were devised, with each regime representing
mid-summer temperatures within one of five latitudinal bands encompassing

C. ass/mi/is' reported European distribution. All meteorological data used in this
comparison process was obtained from the CLIMEX database, and was in the form of
long-term (30 year) monthly means. The regimes are as follows:

1) Maximum 15 °C, minimum 5 °C - corresponds with mean June and August
temperatures from 26 European locations situated at latitudes greater than 60 °N,
namely locations in Finland, northern Norway and northern Sweden. Mean June and
August maximum and minimum temperatures in these locations are 15.5 (± 0.7) and
6.9 (± 0.5) °C and 17 (± 0.6) and 9.2 (± 0.5) ° C respectively. This is slightly lower
than the maximum temperatures of 18.9 (± 0.8) and 10.2 (± 0.6) °C shown in July.
This regime therefore represents mid-summer conditions cooler than those found
within the weevil's current range.

luff

Maximum 20 °C, minimum 10 °C - represents locations between 50 and 60 °N in
northern Europe. This geographical band encompasses the UK, southern Norway and
Sweden, Belgium, Holland, Denmark, Poland, northern Germany, Belarus, Lithuania,
Latvia, Estonia and northern Ukraine. The mean maximum annual temperature in the
159 representative locations is 20 (± 0.2) °C and the minimum 11.8 (± 0.1) T.

Maximum 25'C, minimum 1 5 °C - represents temperatures in locations between 40
and 50 °N. This encompasses northern Portugal and Spain, France, Switzerland,
southern Germany, Italy, Austria, the former Czechoslovakia, the former Yugoslavia,
Hungary, Romania, Albania, Macedonia, Bulgaria, Moldovia and southern Ukraine.
The mean annual maximum in the 123 representative locations is 26 (± 0.4) °C and
the minimum 15.1 (± 0.3) T.

Maximum 30'C, minimum 20 °C - represents European locations below 40 °N, i.e.
Southern Spain, Italy and Greece. The mean annual maximum in the 78 representative
locations is 30.3 (± 0.4) °C and the minimum 19.9 (± 0.3) ° C

Maximum 35 °C, minimum 25 °C - represents the highest midsummer temperatures
which are currently encountered in the weevil's range. This regime corresponds with
mid-summer temperatures in Morocco and Algeria in north Africa. The mean July
maximum in the 36 representative locations in these countries is 35 (± 1.1) °C and the
minimum 21.5 (± 0.7) °C.

The regimes were maintained in a growth cabinet at a 12:12 thermnoperiod and a 16:8
photoperiod, with constant relative humidity (RH) of 70%. This regime produces a
thermal environment as depicted in Figure 4.7. CLIMEX fits a sine curve to the
maximum and minimum temperature data to represent a range of daily temperatures
(Figure 4.7), however the arithmetic mean of these two regimes is the same. A 24
hour recording of air temperature at 15 minute intervals at a real location
(Butchercote Farm, Scottish Borders) is shown in Figure 4.8.
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Figure 4.8 Air temperature at Butchercote Farm, St Boswells, Borders at 15
minute intervals over a 24 hour period on 15/6/96.
In summary, the five temperature regimes implemented are as follows (max/mm
(mean) temperature); 15/5 (10) °C, 20/10 (IS) °C, 25/5 (20) °C, 30/20 (25) °C and
35/25 (30) °C. Both the mortality and duration of each developmental stage was
investigated at each temperature regime. The fluctuating temperature regimes will be
referred to by their mean value throughout the experimental sections.

4.4.3) Materials and methods
Statistical analysis
All statistical procedures were carried out in Minitab for Windows (Version 11. 1),
with the exception of the regression analysis, for which SYSTAT for Windows
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(Version 5.02) was used. Prior to analysis all data was tested for normality using a
Ryan-Joiner test. All data was normally distributed (P>0.05). Experimental data was
analysed using a one-way analysis of variance (ANOVA). When significant differences
were displayed between treatments, a Tukey pairwise multiple comparison test was
employed to investigate which experimental regimes were significantly different from
one another. Non-linear regression analysis was used to fit the experimental data to a
logarithmic curve.

Plant material and pupation substrates
All plant material used during these experiments was glasshouse grown, with
additional lighting (18 hours light 6 hours dark), and without the use of pesticides.
Spring rape (varieties Comet and Galaxy) was used to avoid the need for
vernalisation. The soil used as a pupation substrate was John Innes, No. 2 compost,
made from sterilised loam (Clydeside Trading Society Ltd, 80 Vere Road,
Kirkmuirhill, Lanark).

A) Adult Lifespan
The relationship between temperature and adult lifespan was investigated in both
overwintered and newly emerged adults (hereafter referred to as post and prediapause respectively). Post-diapause adults were collected by sweep net as soon as
they appeared on local winter rape crops in mid to late April. The weevils were
gathered from the net using a pooter and kept in a holding cage (50 x 50 x 50 cm) at
constant 22 °C, 16:8 light:dark and ambient RH until use. Experiments commenced
within 24 hours of insect collection.

Pre-diapause adults were obtained by collecting large numbers of pod-bearing
racemes from local rape crops from late June onwards. The racemes were placed in
conical narrow-necked flasks of water over large gravel trays (60 x 30 x 10 cm) which
had been lined with several layers of dampened filter paper. The filter paper provided
layers of damp substrate, between which the final instar larvae burrowed upon
emergence from the pods. Weevil larvae were collected daily as they emerged and
placed in large plastic pots (height
ht 20 cm, diameter 10 cm) containing 25 g of soil

1 1V

I U

3

maintained at a moisture regime of 70% of saturation capacity' The pots were kept at
constant 22 °C with a light:dark photoperiod of 16:8 hours and at ambient relative
humidity until adult emergence. Adults were collected twice daily (9 am, and p.m. ±
1 hour) upon emergence and were used in experiments within 24 hours of collection.

In both sets of experiments, adult weevils were placed, individually, in clear plastic,

mesh-topped tubes (height 10 cm, diameter 3 cm). Each tube contained one freshly
picked rape pod and two rape leaves to allow feeding. The vegetation was replaced
every 2 to 3 days. The experiments were held in a growth cabinet at each of the five
temperature regimes. Forty individuals were used in each experiment and adult
mortality was recorded twice daily (9 am. and p.m. ± 1 hour).

B) Oviposition
Newly emerged, post-diapause weevils were collected from local winter rape crops in
mid to late April. The weevils were kept at high densities in holding cages at constant
22 °C, 16:8 photoperiod and ambient RH. Glasshouse grown oilseed rape flowers and
foliage were available to the insects, but pods were not provided. The experiments
were conducted around three weeks after first emergence in the field to allow time for
maturation feeding and ovariole development before egg laying. Both Kirchner (1961)
and Dmoch (1965b) found that around 14 days supplemental feeding was needed
under field conditions before egg laying occurred. Copulation was observed in the
holding cage I to 2 weeks before the first experiments were carried Out.

Four replicates were conducted at each of the five temperature regimes, each replicate
comprised of three to four racemes which cumulatively bore 100 pods. The racemes
were selectively pruned so that all pods were between 20 to 60 mm, as this is the
preferred size range for C. ass/in//is oviposition (Bonnemaison, 1957). Two flower
and vegetation bearing racemes were also included with the pods as an alternative
food source. The vegetation was held in small water-filled conical flasks (height 15
cm, base diameter 7 cm), the neck of which was wrapped in clingfilm to prevent the
weevils drowning. The vegetation was housed in a clear perspex cylinder with an
aluminium base and a fine mesh top (height 45 cm, diameter 18 cm, volume 0.11 m 3 ).
1

refer to section

4.5.2 (P.127)

for explanation of saturation process and soil moisture maintenance
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Thirty weevils were introduced to each cylinder. The replicates were checked twice
daily (9 am. and p.m. ± 1 hour) and dead weevils were removed and their sex
recorded. Adler seven days the remaining adult weevils were removed and sexed. The
pods were then dissected under magnification (x12) and the number of eggs present
were recorded.

C) Egg mortality and duration of development
Several thousand post-diapause adult weevils were collected from local winter rape
crops from late April until early May. The weevils were held in mesh-sided cages (50
x 50 x 50 cm) for two to three weeks, at constant 22 °C, ambient RH and a 6:8
light:dark regime. The weevils were supplied with rape flowers and foliage to allow
maturation feeding, but were denied oviposition sites. Copulation was observed
throughout this period. After two weeks pod bearing racemes held in water-filled
narrow-necked conical flasks were placed in the cage alongside the flowers and
foliage.

The racemes were present in the cages for 24 hours before removal. Each pod was
examined under magnification (xl2) to check for weevil damage, without being
removed from the raceme,. Although weevil feeding holes and oviposition holes were
indistinguishable, the earlier absence of pods combined with the large numbers of
weevils seeking oviposition sites and the presence of alternative foodstuff increased
the likelihood of damaged pods having received an egg. This theory was investigated
by the dissection of 200 weevil-damaged pods under magnification (x 40). Of these,
194 (97 %) were found to contain at least one egg (Table 4.5).

Table 4.5 C. ass/mi/is egg presence in 200 pod sample
Pods containing
no eggs
one egg
more than one egg

Number of pods (%)
6 (3 %)
108(54%)

86(43%)

Although weevil eggs are usually laid singly (Ankersmit, 1956; Bonnemaison, 1957;
Dmoch, 1 965b) 43 % of those dissected contained more than one egg, suggesting that
the demand for oviposition sites was high (Table 4.5).
105

Fifteen replicates, each consisting of a raceme bearing ten weevil damaged pods in a
water filled flask, were maintained at each temperature regime. After five days, five
replicates (50 pods) from each regime were dissected (x 10 magnification), and their
contents recorded. This procedure was repeated after 10 days and 15 days. If, at the
five or ten day dissection date, solely larvae were found, the remaining pods were also
dissected on that day without waiting for the next dissection date. At 15 °C some eggs
were still present on the 15th day so 10 further replicates were prepared. Of these,
five were dissected on the 20th day after oviposition and a further five on the 25th day
after oviposition.

D) Larval mortality and duration of development
The methods for obtaining weevil infested pods are as those outlined in the previous
section. However, after oviposition the pods were kept at constant 22 °C, 16:8
light: dark and ambient RH for 10 days to allow completion of egg development (refer
to results section, 4.2.4, C) before moving the experiments to the experimental
regimes.

Ten replicates were maintained at each regime, each replicate consisted of a raceme
bearing 10 weevil damaged pods. The racemes were placed in water-filled flasks over
small individual gravel trays (30 x 15 x 5 cm). Larval development was regarded as
complete when larvae left the pods, and larval presence in the gravel trays was
checked twice daily (9 am. and p.m. ± 1 hour). The duration of larval development
was also recorded. Two weeks after the last emergence from each regime the pods
were dissected and their contents investigated. As the number of eggs laid within each
pod initially was not known, the results are based on the number of pods in which
larvae completed development, i.e. the number of pods bearing larval emergence holes
and not the number of emergent larvae.

E) Pupal mortality and duration of development
Pod-bearing racemes were collected weekly from local rape crops between mid June
and late July. The racemes were placed in conical narrow-necked flasks of water over
large gravel trays (60 x 30 x 10 cm) which had been lined with several layers of
dampened filter paper, between which the larvae burrowed upon emergence.
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Larvae were collected two to three times daily, and were in the trays for no more than

12 hours before use. Each replicate consisted of 25 larvae which were placed in
plastic pots (height 10 cm, top diameter 6 cm) containing 5 g of soil and maintained at
70% soil moisture capacity with once daily re-moisturisation 2 . The top of the pot was
covered with fine mesh held in place with an elastic band. The soil was around 5 cm
deep. C. assimilis' preferred pupation depth is 3 to 8 cm (Wolff & Krausse, 1921;
Dmoch, 1965a).

Eight replicates were carried out at each temperature regime. The experiments were
monitored twice daily (9 am. and p.m. ± 1 hour) and adult weevils were removed as
they emerged from pupation. Three weeks after the last recorded adult emergence the
soil from each individual pot was placed in a laboratory sieve with 5 mm mesh over
another sieve of 355 im mesh. The soil was washed through the sieves and the filtrate
was placed in a filter paper-lined funnel. Water was added to the filtrate and the pupae
were removed with fine forceps as they floated to the top. This process was repeated
several times, with repeated agitation of the filtrate to allow the pupae to rise to the
surface. When no more pupae were retrieved from the water surface, the water was
allowed to drain out, and the filter paper was removed. The remaining filtrate
adhering to the sides of the paper was examined under the microscope (xl 2) and any
further pupae present were removed. The retrieved pupae were examined under
magnification (x 40).

4.4.4) Results and discussion
A) Adult Lifespan
Post-diapause C. assinii/is adult longevity was significantly affected by temperature
regime (Table 4.6).

Table 4.6 One-way ANOVA summary table of the longevity of post-diapause
adults amongst the temperature regimes

JDF
Temperature 4
Error
195
Total
199
2

SS
45802
20992
66794

MS
11451
108

F
106.37

P<
0.001

-

-

refer to section 4.5.2 (P.127) for explanation of saturation process and soil moisture maintenance
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Longevity was inversely related to temperature and mean lifespan varied from 10 to
56 days. The data from each temperature regime was found to be significantly
different from all others, with the exception of the 20 and 25 °C treatments (Figure
4.9).
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Figure 4.9 C assimili.s post-diapause adult lifespan in relation to
temperature. Error bars display the standard error of the mean. Columns
bearing different letters are significantly different from one another (P<0.05).
The lifespan displayed by the post-diapause weevils was of a similar order to those
reported by Bonnemaison (1957), who found that at a fluctuating regime with a mean
of 19.5 °C, 50 % of post-diapause weevils died within 4 weeks (28 days). The LD 50 at
20 ° C in these experiments was 32 days. In addition, Bonnemaison (1957) found that
post-diapause weevils maintained at three constant temperature regimes of 7.5, 12
and 15 °C exhibited LD 50 values of 13, ii and 8 weeks respectively. The LD 50 of 8
weeks (56 days) recorded at constant 15 °C by Bonnemaison (1957) is greater than
the LD 50 of 45 days recorded in weevils maintained at a fluctuating regime with a
mean of 15 °C reported herein. Indeed it is closer to that recorded in the fluctuating
regime with a mean of 10 °C which displayed a LD 5() of 57 days. This result is not
unexpected, as the fluctuating regimes expose the weevils to higher temperatures and,
as lifespan is inversely related to temperature, it would be expected that such
exposure would lead to decreased longevity.

Pre-diapause C. assinii/is adult longevity was also significantly different amongst
temperature regimes (Table 4.7).

Table 4.7 One-way ANOVA summary table of the longevity of pre-diapause
adults amongst the temperature regimes

IDF
Temperature 4
Error
195
Total
199

SS

MS

F

P<

9908.2
11105.6
21013.8

2477.0
57.0

43.49

0.001

The pre-diapause weevils maintained at 30 °C were significantly shorter lived than
those kept at all other temperatures (P<0.01) and the weevils kept at 10 °C were
significantly longer-lived than those at all other regimes. There was no significant
difference in longevity between those weevils maintained at the 1 5, 20 and 25 °C
regimes (P>0. 05) (Figure 4. 10).
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Figure 4.10 C. ass/ni/i/s pre-diapause adult lifespan in relation to
temperature. Error bars display the standard error of the mean. Columns
bearing different letters are significantly different from one another (P<0.05).
In both datasets, a similar pattern of longevity was displayed in relation to
temperature. In both pre and post-diapause weevils, a statistically significant negative
linear regression was observed between longevity and the temperature regime (r 2
0.65; ANOVA F-value 367.5; DF=1,199; P<0.001 and r 2 0.39; ANOVA F-value
124.4; DF= 1, 199; P<0.001 for overwintered and newly emerged weevils
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respectively). However, a better fit to the data, in terms of the r 2 values, was obtained
when the data was fitted to a logarithmic curve using non-linear regression (r 2 0.77;
ANOVA F-value 687.8; DF1,199; P<0.001 and r 2 0.624; ANOVA F-value 337.9;
DFI,199; P<0.00l for overwintered and newly emerged weevils respectively).

These results clearly indicate that weevil longevity is inversely related to temperature.
However, the effect that ambient temperature is exerting is likely to be magnified by
the lack of opportunity for the insect to move to a more clement micro-climate. The
adult stage of the species' life cycle has the greatest scope to locate a more suitable
micro-climate behaviourally due to its mobility. The nature of this experiment denied
adults that opportunity, and consequently the reduction of adult lifespan reported may
be exaggerated.

Among the pre-diapause adults, longevity was two to three times shorter than among
post-diapause adults at corresponding regimes (Figures 4.9 and 4.10). To investigate
the differential response of pre and post-diapause adults, an Analysis of Variance test
was performed. In this analysis, the main factor was the state of the weevils (pre or
post-diapause). To compensate for the effect of the temperature regime applied, this
factor was included as a co-variate within the analysis. The results indicate that the
effect of weevil status was highly significant (F-value 396.1; DF=1,397; P< 0.001).
The mean (adjusted for the different temperature regimes) was 34.417 and 13.605 for
post and pre-diapause adults respectively (Standard Error of Difference 0.739).

The cause of the disparity between the longevity of the post and pre-diapause adults is
unclear, especially as the post-diapause adults are already around six months old upon
spring emergence. New generation adults usually feed for a few weeks before seeking
suitable diapause sites. Diapause is obligate in this species and it is possible that
denying access to overwintering sites increases the stress experienced by the weevil,
resulting in a decreased lifespan. It is also possible that the rearing of the adults from
larvae at constant temperature laboratory conditions may have influenced the adults
subsequent survival. Although it might have been expected this experience of higher
temperatures during pupation, would have influenced temperature tolerance in the
opposite direction to that found. Ideally, field-caught new generation adults should be
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used when the data is to be compared with field-caught post-diapause weevils.
However, this necessitates the use of emergence traps to avoid capture of postdiapause adults which may still be present on the crop and this method raises logistic
difficulties in obtaining sufficient numbers for experimentation.

B) Oviposition
No significant difference was displayed between the mean number of eggs laid per
female per day and temperature regime (Table 4.8, Figure 4.11).

Table 4.8 One-way ANOVA summary table of the number of eggs laid per
female per day amongst the temperature regimes
DF
Temperature 4
Error
15
Total
19

SS
1.763
5.033
6.796

MS
0.441
0.336

F
1.31

P
0.310

I--

1)
*1)

8
:.6
1.4
1.2

r

0.6

0.2

o -'
15/5 (10)

biàil 1i

_____________
20/10(15)

25/15 (20)

30/20(25)

35125 (30)

Temperature regime (max/mm (mean) °C)
Figure 4.11 C. ass/mills oviposition in relation to temperature. Error bars
display the standard error of the mean.
Agreat deal of intra-regime variation was displayed in these experiments (Figure
4.11) and no significant inter-regime variability was found. It would seem that
ambient temperature does not exert an influence upon ovipositional behaviour within
the temperature regimes investigated. However, it is likely that the total number of

eggs laid per female will be reduced at higher temperatures, corresponding with the
reduction in lifespan of the weevil, as reported in the previous section.

C) Egg mortality and duration of development
Egg mortality, defined as the % of pods in which egg development was not completed
i.e. no larvae were present on the last sampling date, was significantly affected by
temperature regime (Table 4.9).

Table 4.9 One-way ANOVA summary table of egg mortality amongst the
temperature regimes
DF
Temperature 4
Error
30
Total
34

SS
5179
7250
12492

MS
1295
242

F
5.36

P
0.002

At 30 ° C there was significantly higher egg mortality than at 10, 15 and 20 °C
(P<0.01, P<0.05, P<0.05 respectively). There were no significant differences amongst
the other four regimes, nor between 30 and 25 °C (P>0.05). Non-linear regression
analysis indicates that a statistically significant fit between egg mortality and
temperature regime was found to occur when the data were fitted to a logarithmic
curve (r2 value 0.74; ANOVA F-value 91.9; DF=1,34; P<0.001).
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Figure 4.12 C. assirnilis egg mortality and duration of egg development in
relation to temperature. Error bars display the standard error of the mean.
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112

The duration of egg development was also inversely related to temperature, with the
exception of those eggs kept at 30 °C in which development took longer than at both
20 and 25 °C (Figure 4.12). However, as the measure of egg development was not
exact, no statistical analysis was applied to this data.

It is not possible to deduce whether the increased developmental time recorded at the
30 °C regimes was due to high temperatures inhibiting egg development, or if egg
presence was due to egg death and the subsequent disappearance of eggs at the IS
day dissection date due to the eggs having desiccated to the point where they were no
longer detectable. However, those eggs examined on the 10th day showed no sign of
deterioration or desiccation.

The duration of egg development data is similar to that reported elsewhere.
Bonnemaison (1952) and Dmoch (1965a) reported egg development times of 8 to 9
and 5 to 8 days at constant 21 and 22 °C respectively, and in this study egg
development took between 5 and 10 days at a mean temperature of 20 T. In addition,
Bonnemaison (1955) reported egg development of 15 to 18 days at constant 13 "C,
compared to 10 to 25 days at mean JO "C in these experiments (although 100% egg
development did not occur until the 25 day sampling date, the first larvae were seen
on the 15 day sampling date, therefore first egg development completion occurred
between 10 and 15 days after oviposition).

D) Larval mortality and duration of development
There was found to be significant variation in larval mortality amongst treatments
(Table 4.10).

Table 4.10 One-way ANOVA summary table of larval mortality amongst the
temperature regimes
DF
Temperature 4
45
Error
Total
49

SS
83.20
46.80
130.00

MS
20.80
1.04

F
20.00

0.001
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There was no significant difference between larval mortality levels among the 10, 15
and 20 °C regimes (P>0.01), nor between the 25 and 30 °C regimes (P>0.0I).
Significantly higher mortality was recorded in the 25 and 30 °C than in all other
regimes (P>0.05) (Figure 4.13). Using non-linear regression analysis a statistically
significant fit to the data for larval mortality and the temperature regime was obtained
when a logarithmic curve was fitted (r 2 value 0.929; F-value 631.5; DF 1,49;
P<0.00l).
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Figure 4.13 C ass/mi/is larval mortality in relation to temperature. Error
bars display the standard error of the mean. Columns bearing different letters
are significantly different from one another (P<0.05).
No live larvae were found on dissection of the pods. Some dead larvae were found
but these were desiccated and often difficult to distinguish from their surroundings,
often the only sign that a larva had been present was the presence of larval damaged
seeds. Larval mortality ranged from 37 to 71 %. As with the egg development data,
only at those replicates maintained at the highest temperature (30 °C) were significant
differences apparent, with higher levels of larval mortality than the other regimes. It is
possible that a desiccant effect may have reduced pod leaving at 35 °C, as the pods
were fairly dry by the end of the experiment at this regime and this may have
adversely affected larval ability to leave the pod.
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In addition to larval mortality, there was also found to be a significant difference in
larval developmental duration amongst treatments (Table 4. 11, Figure 4.14)
Table 4.11 One-way ANOVA summary table of larval development duration
amongst the temperature regimes
DF
Temperature 4
Error
43
Total
47

-

SS
1197.72
55.84
1253.56

MS
299.43
1.30

F
230.59

0.001

The mean duration of larval development was significantly shorter at 20, 25 and 30 °C
than at 10 and 15 ° C (P<0.01). In addition, the duration of larval development was
significantly slower at 10 °C than at 15 ° C (P<0.01) (Figure 4.14). Using non-linear
regression analysis a statistically significant fit to the data for larval duration and the
temperature regime was obtained when a logarithmic curve was fitted (r2 value 0.828;
F-value 230.2; DF 1,47; P<0.001).
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Figure 4.14 Duration of C. assimilis larval development in relation to
temperature. Error bars display the standard error of the mean. Columns
bearing different letters are significantly different from one another (P<0.05).
Bonnemaison (1957) investigated larval development time in relation to three constant
temperature regimes. He found that development at 13.2, 13. 7 and 15.8 °C took a
mean of 22, 20 and 16 days respectively. The duration of development at a fluctuating
regime with a mean of 15 ° C is faster, at 12 days, than the reported 16 days at
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constant

15.8 ° C (Bonnemaison, 1957). As reported earlier, developmental

acceleration is common when fluctuating regimes are used. Bonnemaison (1957)
stated that the base temperature and development requirement for larval development
was 6 °C and 120 O DD respectively and the results expressed in this experiment are
similar to these results (Table 4.12). There is especially good correspondence at 10,
15 and 20 °C, however the mean development time taken at both 25 and 30 °C are
almost twice that predicted by Bonnemaison's (1957) formula. As before it is not
possible to directly compare developmental rates between constant and fluctuating
experimentation.

Table 4.12 Comparison of C. ass/in//is larval development time found in
these experiments with that predicted by Bonnemaison's (1957) formula for
development
Mean Temperature
(°C)
10
15
20
25
30

Recorded Duration
(days)
21.23
11.96
9.13
8.75
7.66

Predicted Duration
(days)
21.1
11.2
7.6
5.8
4.7

E) Pupal mortality and duration of development
There was found to be significant differences in pupal mortality amongst treatments
(Table 4.13).
Table 4.13 One-way ANOVA summary table of pupal mortality amongst the
temperature regimes
JDF
Temperature 4
Error
35
Total
39

SS
155.10
78.50
233.60

MS
38.78
2.24

F
17.29

0.001

Pupal mortality was significantly lower at 20 °C than at any other regime except 1 5 °C
(P<0.01 and P>0.05 respectively). In addition, mortality at 15 °C was significantly
lower than at 10 and 30 ° C (P<0.01). There was no significant difference in mortality
amongst regimes maintained at 15 and 25 °C nor between those at 10, 25 and 30 °C
(P>0.05) (Figure 4. 15). Using non-linear regression analysis a statistically significant
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fit to the data for pupal mortality and temperature regime was obtained when a
logarithmic curve was fitted (r 2 value 0.989; F-value 3370.8; DF 1,39; P<0.001).
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Figure 4.15 C. ass/mills pupal mortality in relation to temperature. Error bars
display the standard error of the mean. Columns bearing different letters are
significantly different from one another (P<0.05).
In each replicate, the soil was washed through a sieve (method as section 4.4. 1, E)
three weeks after the final emergent adult was recorded, in an attempt to investigate
whether pupal formation and development were differentially affected by temperature.
However, no intact pupae or larvae were found. Fragments of tissue were found but
were decomposing and/or attacked by fungus so it was impossible to draw any
conclusions from this process.

In contrast to the data obtained in the egg and larval development experimentation,
pupal mortality was minimised at mid-range temperatures and was higher at both
extremes, with the number of emergent adults at 20 °C being fifteen times higher than
that displayed at both 10 and 30 T. Overall, mortality was very high, with the lowest
recorded mortality rate being 78.5 %. Bonnemaison (1957) investigated pupal
mortality in relation to temperature and a comparison of his work and that from the
current study is displayed in Table 4.14. overleaf.

117

Table 4.14 Comparison of Bonnernaison's (1957) data concerning pupal
mortality in relation to temperature with that found in this study.
Bonnemaison (1957)
Temperature mortality (%)
12
16.5
19.5
25.5
30*

92
57
52
41
100

Current Study
Temperature t
mortality (%)
(mean)
10
98.5
15
84.5
20
78.5
25
92
30
98.5

Constant temperatures Fluctuating temperatures
* Those pupae maintained at 30°C were destroyed by mites and fungus
A similar pattern is shown between weevil mortality in both studies, in as much as
mortality is much greater at low temperatures than at mid-range temperatures. In both
Bonnemaison's (1957) and the current study, pupal mortality is over 90 % when mean
temperatures are around 12 T. In both studies mortality rate decreases as
temperatures increase above 1 5 T. Bonnemaison's (1957) data shows that mortality
is increasingly reduced with increasing temperature at 16.5, 19.5 and 25.5 °C to
around 50% of the 12 ° C rate. In the current study the decrease in mortality with
increasing temperature is not so marked with a 20 % decrease between 10 and 20 T.
Another deviation between this study and Bonnemaison's data is that whilst the latter
shows a steady decrease in mortality with increasing temperature up to 25.5 °C, the
former shows a sharp increase in mortality between 20 and 25 T.

The differences in magnitude of mortality rate between the two studies could be due
to several factors, the most likely of which is that the fluctuating regimes used in this
study mean that the weevils experience higher temperatures than the constant regimes
of a similar mean. In addition, the Bonnemaison (1957) paper does not provide details
of the soil moisture at which the experiments were conducted which may affect the
observed mortality.

In addition to mortality, there was also found to be significant differences in duration
of pupal development amongst treatments (Table 4.15, overleaf).

UM

Table 4. 1S One-way ANOVA summary table of pupal development duration
amongst temperature regimes
JDF
Temperature 4
Error
92
Total
96

SS
4400.56
631.28
5031.84

MS
1100.14
6.86

F
160.33

P<
0.001

Duration of pupal development was inversely related to temperature, data from each
regime was significantly different from that of all other regimes with the exception of
25 and 30 °C (Figure 4.16). Using non-linear regression analysis a statistically
significant fit to the data for the duration of pupation and the temperature regime was
obtained when a logarithmic curve was fitted (r 2 value 0.92; F-value 1104.7; DF 1,99;
P<0.001).
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Figure 4.16 Duration of pupal development in relation to temperature Error
bars show the standard error of the mean. Columns bearing different letters
are significantly different from one another (P<0.05).
The duration of pupal development was inversely related to temperature and ranged
from 16 to 50 days. Bonnemaison (1957) also investigated duration times in relation
to constant temperature regimes and a comparison is given in Table 4.16, overleaf.
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Table 4.16 Comparison of Boiinemaison's (1957) data concerning the
duration of pupal development in relation to temperature with that found in
this study (na = not available)
Bonnemaison (1957)
Temperature Duration (days)
12
16.5
19.5
25.5
30*

49.5
25.6
16.2
11.13
na

Current Study
Temperature
Duration (days)
(mean)
10
50
15
3 0. 5
20
23.1
27.7
16.4
30
15.7

Constant temperatures Fluctuating temperatures
* Those pupae maintained at 30°C were destroyed by mites and fungus
As before, initially a good correspondence is achieved between the two data sets but
as temperature increases the duration of pupal development recorded in the current
study is greater than that reported by Bonnemaison, despite the fact that Bonnemaison
(1957) reported that generally he had found that fluctuating regimes induced quicker
development in C. ain,i1is than constant temperatures.

4.4.5) Section discussion
In summary, all stages of C. as'iniiIis' life cycle displayed some degree of
developmental completion under each of the five temperature regimes. However the
relative mortality in relation to these regimes varied amongst developmental stage.
Adult longevity displayed a clear negative relationship with temperature. In postdiapause adults this is likely to have an effect upon the weevil's reproductive
potential, as oviposition did not display any temperature response. The pre-diapause
adults showed even less tolerance of high temperatures than the post-diapause adults.

Both egg and larval mortality also displayed a positive relationship with temperature.
However this was less distinct than displayed by the adult, in both cases there was no
significant variation between mortality levels at the lower temperature regimes but
mortality was greater at the higher end of the spectrum (25 and 30 °C in larval
development and 30 °C in egg development). However, it would be expected that the
magnitude of the effect of temperature would be lower in life stages which dwell
within the plant, as the pod itself will shield the egg and larvae to some extent and
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provide a more temperate micro-climate. Therefore variation in response to differing
thermal regimes may be reduced in comparison to stages dwelling outwith the plant.
In contrast, pupal mortality showed a different pattern of mortality in relation to
temperature. Higher mortality levels were displayed at both extremes of the
temperature regimes tested and the lowest levels were found at mid-range
temperatures (15 and 20 °C).

In all experiments the duration of development displayed an inverse relationship with
temperature, with the exception of egg development at the highest temperature
regime. Without field data concerning mortality rates it is not possible to investigate
whether these data are representative of field populations. However, we can
investigate whether the data is representative of relative phenology by comparing
phenological reports in the literature with the thermal response predicted by the
experimentation in conjunction with mean meteorological data. As mean
meteorological data is used to make these predictions, the data does not take into
account that even when thresholds have not been exceeded in the mean
meteorological database, there are likely to be several days within a given month
where temperatures are above the threshold. Therefore an event, such as flight, is
likely to take place before that predicted by mean data in some percentage of the
population. Therefore the timing predicted here represents the mean or maximum
timing of that event within the population, not the first observed timing.

For example, in France, assuming that cessation of diapause occurs at a threshold of
11 °C (Smart etal., 1990), emergence is predicted to occur in the 4th week of March,
and the flight threshold of 15 °C (Ankersmit, 1956; Bonnemaison, 1957; Dmoch,
1965a; Free & Williams, 1979a; Laska & Kocourek, 1991) is attained in the 3rd week
of April. The latter corresponds with Bonnemaison's (1957) observations of weevil
invasion of the crop occurring from late March to early May. Oviposition would then
occur in late April, corresponding with Bonnemaison's (1957) observation of first
oviposition in late April to mid-May. Therefore egg development would occur in early
May, when mean temperatures are; maximum 19.3 °C, minimum 8.9 °C and mean
14.1 °C (Table 4.17). At the corresponding experimental regime (fluctuating 20/10 °C,
mean 15 °C) 100 % egg development was completed at between 10 to 15 days,
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although some completion of egg development was observed between 5 and 10 days.
This corresponds with Risbec (1952a) and Hoffman's

(1955)

reported egg

development duration at French field locations of 7 days and 6 to 10 days
respectively. Larval development will also occur in May and the experiments suggest
that, under such conditions, this would take a mean of 12 (± 0.3) days, which is a little
quicker than the 15 to 25 days reported by Bonnemaison (1957). Pupation is
predicted to occur in June, at mean temperatures of; maximum 22.7 °C, minimum
12 °C and mean 17.3 °C (Table 4.17). This falls between the experimental regimes
with mean temperatures of 15 and 20 °C, and therefore predicts a pupation time of
between 23.1(+ 0.3) and 30.5 (± 0.7) days. Again, there is a good correspondence
with reports of French field observations of 20 to 25 days (Bonnemaison, 1952) and
IS to 30 days (Bonnemaison, 1957), although it is somewhat longer than the 15 to 17
days Risbec (1952a) records. The predicted commencement of new generation adult
emergence is mid-July. Summarised comparisons of predicted and observed
phenology in other countries are presented in Table 4.17.
Table 4.17 Comparison of predicted and observed C. assimi/is phenology

Event
Adult invasion of crops
Duration of egg development
Duration of larval development
Duration of pupal development
New generation adult emergence
Event
Adult invasion of crops
First oviposition
Duration of egg development
Duration of larval development
Duration of pupal development
Event
Adult invasion of crops
Duration of larval development
Duration of pupal development
New generation adult emergence

UK
Predicted
1 St week of May
10 to 20 days
12 to 21 days
30.5 days
August
Poland
Predicted
1St week of May
mid-May
10 to 20 days
12 days
23 days
Germany
Predicted
1st week of May
12 days
30 days
August

Observed
May
5 to 13 days
13 to 25 days
9 to 23 days
August
Observed
May
mid-May
6 to 10 days
13 to 21 days
11 to 24 days
Observed

Ref
1,2,3,4
5
5
5
1,2,4
Ref
6
6
6
6
6
Ref
7
8
8
7

May
4 to 5 days
18 days
August
I. Attah & Lawton (1984), 2. Free & Williams (1979a), 3. Smart et al. (1996), 4. Current
study (Chapter 2), 5. Williams (1976), 6. Dmoch (1965a&b), 7. Büchs (1993) 8. Heymons
(1922)
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Overall, a good correspondence between the predicted and observed reports of
phenology was obtained. The only data where this is not achieved is that of larval and
pupal developmental duration observed by Heymons (1922) in Germany.

4.5) Moisture Experiments
4.5. 1) Introduction
Although extremes of precipitation and air humidity can affect all developmental
stages of an insect, the effects of moisture on stages other than those which are soildwelling are difficult to assess. Two of C. assirnilis' developmental stages are resident
in the soil. Pupation always takes place in the soil and overwintering adults may also
shelter in the upper layers of the soil, although other hiding places, such as leaf litter
or hedgerows, are also used. The possible effects of soil moisture are investigated in
both of these stages.

4.5.2) Calculation and maintenance of soil moisture regimes
The soil moisture content of the regimes used was calculated by determining the
saturation point of the pupation substrate. The substrate was dried in an oven at
100 °C for 24 hours and then sieved (mesh size 5 mm). A 100 g sample of the
substrate was placed in a laboratory sieve (mesh size 355 l- tm). The bottom of the
sieve was placed in water, and water was added gently from above. The sieve was
removed from the water and excess was drained from the saturated material. The
sample was then re-weighed and the weight of water needed to obtain 100 %
saturation was determined. This process was repeated with several samples to ensure
that a constant value was obtained. The individual replicates were then made up to
this formula.

After addition of the water the substrate was stirred thoroughly to try and ensure an
even moisture content throughout. The moisture regimes were maintained
gravimetrically by adding water twice daily at 9 a.m. and 9 p.m. (± 1 hour). In the
majority of the regimes, water was initially added with a plant sprayer held
horizontally above the centre of the pot to ensure an even coverage, the remainder
was added using a pipette. In the dryer regimes this method was not possible as the
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sprayer delivered too much water, and all water was added using a pipette. The bidaily remoisturisation process resulted in fluctuations of water content over each 12
hour period. The water loss was recorded over the first week to produce mean water
content fluctuation figures for each regime (Figure 4.17) and the range of moistures
present in each regime is presented in Table 4.18.
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each moisture regime.
Table 4.18 Variation in soil moisture over the 12 hour period between each
addition of water
Regime
soil moisture content
(% of saturation capacity)
10
20
30
40
50
60
70
80
90
100
110
120

Actual moisture levels over each 12 hour
period between remoisturisation
(% of saturation capacity)
7.6tolO
16.9to20
27.1 to 30
37.1to40
46.2 to 50
55.9 to 60
66.6 to 70
76.4 to 80
85.6to90
95.2 to 100
105.4 to 110
115.5 to 120
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4.5.3) Materials and methods
Statistical analysis
All statistical procedures were carried out in Minitab for Windows (Version II .1).
Prior to analysis all data was tested for normality using a Ryan-Joiner test. All data
was normally distributed (P>0.05). Experimental data was analysed using a one-way
analysis of variance (ANOVA). When significant differences between the treatment
regimes were found a Tukey pairwise multiple comparison test was employed to
investigate which regimes were significantly different from one another.

Pupation substrates
Where soil is used as a pupation substrate it is John Innes, No. 2 compost, made from
sterilised loam (Clydeside Trading Society Ltd, 80 Vere Road, Kirkmuirhill, Lanark).
Sand is Gem horticultural sand (Gem gardening, Brookside Lane, Oswaldthistle,
Accrington).

A) Pupal mortality and duration of development
The larvae were obtained as detailed in the pupal development vs temperature section
(4.5.1, E).

Larvae were placed in plastic pots (height 10 cm, top diameter 6 cm), each of which
contained 5 g of soil at a depth of around 5 cm, 3 to 8 cm being the preferred
pupation depth of C. ass/rn//is larvae (Wolff & Krausse, 1921; Drnoch, 1965a).
Although the soil was sieved after drying to remove lumps, clumping occurred as
soon as water was added and it was impossible to ensure even moisture levels within
each pot. Therefore an identical experiment was conducted using sand. To maintain
the same volume (10 cm'), and therefore depth, of burrowing/pupation substrate, 40 g
of sand was used.

Each replicate consisted of 25 larvae and four replicates were carried out at each
moisture regime. Thirteen moisture regimes were used, zero to 120 % of soil moisture
capacity in 10 % increments.
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Significantly less water was used to create the regimes when using sand as a pupation
substrate in these experiments as the sand required only 0.25 ml of H 20 per gram to
achieve saturation and the soil required 5 ml of H 20 per gram. Therefore, even
though a weight ratio of 8:1 sand:soil was used to maintain an equal volume of
substrate, at 100 % saturation the soil contained 2.5 times the H20 of the sand. The
amount of water that can be stored by a substrate is dependent on the number and size
of pore spaces it contains. This is determined by the texture, organic matter content
and structure of the material. Sand consists of large smooth particles (0.05 to 1 mm)
with low surface area and few pore spaces. Soil contains more organic material and
clay, and is composed of smaller particles (< 0.002 mm). The increased surface area
and number of pore spaces allows more water to be held in soil than in sand.
However, the proportion of free water, with which the insect is in contact, in
corresponding regimes is equal in each substrate.

The top of each pot was covered with fine mesh held in place with an elastic band and
the pots were kept in a growth cabinet at a constant 20 °C, 70 % humidity and 16:8
light:dark photoperiod. They were monitored twice daily (9 am. and p.m. ± 1 hour)
and adult weevils were removed as they emerged. The position of the pots was moved
at each monitoring visit to reduce the possibility of evaporative variation within the
cabinet. Three weeks after the last recorded adult emergence the soil was washed
through a sieve (method as section 4.4.1, E) and the remaining contents investigated.

B) Ovenwintering mortality
Post-diapause adults were obtained as detailed in section 4.5.1 A. The weevils were
provided with glasshouse grown rape vegetation in a holding cage and were kept at
22 °C, 18:6 light-dark and ambient RH for three weeks. Weevils were then placed in
pots (height 10 cm, top diameter 6 cm) with 5g soil maintained at each of six moisture
regimes (0 to 125 % of saturation capacity in 25 % increments). There were six
replicates at each moisture regime and each replicate consisted of 20 weevils per pot.
Diapause was simulated as detailed by Ni et al. (1990) i.e. 16 weeks at 4 °C, 12:12
light - dark and a RH of 50%. The pots were re-moisturised only once daily (around 10
am.) and therefore moisture levels varied within each 24 hour period as recorded in
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Table 4.19. The re-moisturisation took place within the growth cabinet and was done
as quickly as possible to avoid the weevils emerging from diapause during this time.
Table 4.19 Variation in soil moisture over each 24 hour period between each
addition of water in each regime
Regime
soil moisture content
(% of saturation capacity)
25
50
75
100
125

Range of soil moisture over each 12 hour
period between remoisturisation
(% of saturation capacity)
19.7to25
42.8 to 50
67.6 to 75
91 to 100
115.6 to 125

After 16 weeks, diapause was broken by raising the temperature to 22 ° C, with a
photoperiod of 18:6 light:dark and ambient RH, for 24 hours and the number of
emergent adults were recorded. The soil was then washed through a sieve to ascertain
whether any further weevils were alive but not visible upon the substrate surface.

4.5.4) Results and discussion
Pupal mortality and duration of development
pjl
There was found to be significant variation in mortality among the soil moisture
treatments (Table 4.20).
Table 4.20 One-way ANOVA summary table of pupal mortality amongst
moisture regimes

Soil Moisture
Error
Total

DF
5
30
35

SS
1004.89
78.00
1082.89

MS
200.98
2.60

F
77.30

P
0.001

No adult emergence was recorded when the soil moisture content was zero or when it
exceeded capacity (Figure 4.18). There was no statistically significant difference in
pupal mortality levels between, and including, 20 and 90 % of saturation capacity
(P>0.05). There was also no significant difference between mortality at 10 %
saturation and 20, 30, 50, 60 or 90 % (P>0.05), however significantly more pupal
mortality was recorded at 10 % than at 40, 70 and 80 % (P<0.01, 0.01 and 0.05
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respectively). Significantly greater mortality occurred at 0, 100, 110 and 120 % than
at all other regimes. There were no statistically significant differences in mortality
levels among the 0, 10, 90, 100, 110 and 120% regimes (P>0.05) (Figure 4.18).
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Figure 4.18 C assimif is pupal mortality in relation to the moisture content of
the pupation substrate. Error bars display the standard error of the mean.
Columns bearing different letters are significantly different (P<0.05).
Three weeks after last adult emergence from each regime, the soil was washed out
and the contents examined in an effort to investigate whether soil moisture had
differential effects on pupal formation and development. However, although
numerous fragments of dried and decomposing tissue were found during this process
no whole pupae were identified. It was therefore impossible to assess whether or not
the tissue was larval or pupal and no conclusions could be drawn. However, it was
interesting to note the presence of five live, although dehydrated, larvae found in two
of the four zero moisture regimes. These larvae had persisted for over six weeks
without entering pupation. Numerous whole, and fragments of, dried larvae were also
present in the zero moisture regimes. No live larvae were found in any of the other
moisture regimes.
The number of days taken to complete pupal development was also recorded during
these experiments, and significant differences between the soil moisture regimes were
apparent (Table 4.21).
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Table 4.21 One-way ANOVA summary table of pupal development duration
amongst moisture regimes

JDF
8
Soil Moisture
27
Error
35
Total

MS

SS
18.552
13.503
32.055

F
4.64

P
0.001

2.3 19
0.50 0
______________

The duration of pupal development was significantly slower in those weevils kept at
10 % saturation than in the other moisture regimes (P<0.05) excepting those
maintained at 30 and 50 % saturation capacity (P>0.05) (Figure 4.19).
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Figure 4.19 Duration of C. asirniIis pupal development in relation to the
moisture content of the pupation substrate. Error bars display the standard
error of the mean. Columns bearing different letters are significantly different
from one another (P<0.05).
ii) Sand
There was also found to be significant variation in pupal mortality among the
treatments when sand was used as a pupation substrate (Table 4.22).

Table 4.22 One-way ANOVA summary table of pupal mortality amongst
moisture regimes

IDF
11
Soil Moisture
36
Error
47
Total

SS
1560.67
47.00
1607.67

MS
141.88
1.31

F
108.67

P
0.001
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There was no significant difference in pupal mortality amongst those regimes
maintained at 40, 50, 60, 70 and 80 % of saturation capacity (P>0.05) and
significantly less mortality was recorded in these regimes than at all others, excepting
those at 20 % moisture which were not significantly different than those maintained at
80 % (P>0.05). There was also no difference in mortality amongst those regimes
maintained at 20, 30, and 90 % of saturation capacity (P>0.05) which displayed
higher mortality rates than the aforementioned regimes but lower rates than those
maintained at 0, 10, 100, 110 and 120 % substrate moisture. There was no significant
difference among these latter five regimes (P>0.05) (Figure 4.20).
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Figure 4.20 C. assimilis pupal mortality in relation to the moisture content of
the pupation substrate. Error bars display the standard error of the mean.
Columns bearing different letters are significantly different (P<0.05).

As with the soil samples, when the sand was washed out it was not possible to
determine the source of the fragments of dried and decomposing tissue found and no
whole pupae were identified. However, two live larvae were found in one of the zero
moisture regime replicates.

The duration of pupal development was also investigated, however no significant
differences in the duration of pupation in relation to soil moisture were displayed
(Table 4.23) (Figure 4.21).
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Table 4.23 One-way ANOVA summary table of pupal development duration
amongst moisture regimes

E

SS
11.63
543.38

DF
Moisture 9
372
r

'

F
0.SS

MS
1.29
1.46
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Figure 4.21 Duration of pupal development in relation to the moisture content
of the pupation substrate. Error bars display the standard error of the mean.

Discussion
Both sets of results, using both soil and sand as a pupation substrate suggest that
ass//ni/is
extremes of soil moisture are detrimental to the successful completion of C.
pupation. No adult weevils emerged at regimes maintained at either zero moisture or
emerged when the pupation
at above saturation capacity and very few, less than 2 %,
substrate was maintained at 100 % saturation.

The range of moisture regimes at which pupal mortality was minimised differed
between the two substrates. The pupae developing in soil showed no significant
variation amongst the 20 to 90 % soil moisture regimes inclusive, whereas those
maintained in sand displayed maximal developmental completion at between 40 to 80
% inclusive. The intra-regime variation is greater in the soil data, and it is possible that
this is due to inconsistencies in moisture content throughout each replicate due to the
soil's clumping tendencies, rendering inter-regime variation less apparent. This may
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also explain why, in the soil data, only two distinct levels of mortality were clear,
whereas in the sand experiments three levels of mortality were statistically significant,
the minimal level (40 to 80 %), a mid-level (20, 30 and 90 %) and the maximal level
(0, 10, 100, 110 and 120%).

There are also differences in mortality rate between the soil and sand experiments. At
mid-range moisture regimes (40 to 90 %) those weevils pupating in sand displayed
between 5 and 20 % less mortality than those pupating in soil. Again, variation in soil
moisture may be responsible for this anomaly to some extent.
At 70% soil saturation capacity mortality rates of 53 and 63 % were displayed in sand
and soil respectively. These experiments were carried out at constant 22 °C, in those
experiments carried out at fluctuating 20 °C (pupation in relation to temperature,
section 4.4.4, E) which were also maintained at 70 % saturation capacity, mortality
rates of around 78 % were shown. This adds credence to the earlier hypothesis that
fluctuating temperature regimes increase mortality in comparison to constant regimes
of a similar mean. The emergence rates in these experiments, especially that of sand,
are closer to Bonnemaison's (1957) findings of 52 % mortality at constant 19.5 °C
than displayed by that recorded at the fluctuating regime.

Soil moisture did not affect the duration of pupation in any regime excepting that at
10 % saturation capacity in the soil experiments where development took significantly
longer than all but two of the other regimes. This may suggest that lack of moisture
inhibits pupation until conditions become more favourable, although this trend was
not displayed in the sand data. However, this hypothesis is supported by the presence
of live larvae in the zero moisture regimes in both sand and soil experiments six weeks
after experimentation commenced.
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]Overwintering adult mortality
The percentage emergence from diapause was significantly affected by moisture
regime (Table 4.24).

Table 4.24 One-way ANOVA summary table of overwintering mortality
amongst moisture regimes
MS
200.98
2.60

SS
1004.89
78.00
1082.89

IDF
Soil Moisture 5
30
Error
35
Total

P<
0.001

F
77.30

No significant difference between overwintering survival and soil moisture was
apparent when the soil moisture was maintained at 25, 50 and 75 % of saturation
capacity (P>0.05). However, in comparison with tflese saturation capaciues,
significantly lower emergence was found at 0, 100 and 125 % saturation capacity
(P<0.01). There was no significant difference between these latter three regimes
(P>0.05) (Figure 4.22).
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Figure 4.22 Percentage diapause mortality in relation to moisture content of
overwintering substrate. Error bars display the standard error of the mean.
Columns bearing different letters are significantly different (P<0.05).
As displayed in the pupation experiments, there was no survival of diapausing adults
at either zero moisture or at above saturation capacity, and survival was very low
when saturation was 100 %. Although there was no significant difference in survival
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between the three mid-moisture regimes (25, 50 and 75 %), further experimentation
would be useful to investigate the response of diapausing adults over a greater range
of soil moistures. However, the finding that overwintering is not successfully
completed at zero soil moisture corroborates Bonnemaison's (1957) observations that
"rain is needed before emergence from overwintering in the spring as the weevil's
tissues requires a sufficient water content to allow activity".

4.5.5) Section discussion
Overall, the experiments showed that extremes of soil moisture are detrimental to
both pupae and overwintering adults, and that in both developmental stages, mortality
is minimised at mid-range moisture levels.

Dmoch (1965a) investigated six types of hibernation substrate; soil, leaf litter,
coniferous needle litter, forest litter, straw/hay, dry plants and found that weevils were
more than twice as abundant in soil than in any other substrate. However, as not all
weevils overwinter in soil, soil moisture may have more impact on C. assirni/is
populations during pupation than during diapause, although both drought and heavy
rain are also likely to be detrimental to individuals overwintering in non-soil locations.

In addition to conditions which are injurious to the insect population, soil moisture
levels which affect the quality and/or survival of the host may also have repercussions
upon weevil populations. However, the optimal soil moisture conditions for oilseed
rape growth are also mid-range values with both drought and run-off proving
detrimental to the crop (Weiss, 1983).

4.6) Discussion of experimental work
All experiments reported in the previous sections have implemented constant
environmental conditions over the entire developmental period of each life stage. In
addition, the role of relative humidity has not been investigated, nor has the combined
interaction of moisture and temperature. Such uniformity of climate would not occur
in a natural situation. Nor is a temperature fluctuation of two distinct, 12 hour periods
representative of the changing natural environment. Although the arithmetic mean of
both the CLIMIEX sine curve calculation of temperature and the fluctuating regimes
-,

1-,

1

used herein are the same, it is impossible to say whether exposure to the latter
differentially influences mortality, especially at the higher temperature regimes. In
addition, there are various other factors which are not taken into account by the
experimentation performed, i.e. differential geographic acclimatisation of populations.
The limits of temperature tolerance are not fixed for a given species but may vary
throughout their range. Schmidt-Neilson (1975) stated that, in insects, "exposure to
a near lethal temperature often leads to a certain degree of adaptation". The
possibility that thermal acclimatisation may allow an increase of range will not be
accounted for by experimentation using insects native to Scotland only.

Another area where error may occur is curtailment of behavioural temperature
regulation under experimental conditions. Bursell (1990) stated that "differences of
temperature within habitats and the behaviour of the insect in relation to such
differences may ensure their exposure to conditions far closer to optimum than would
be expected than on the basis of general air temperature. Under these circumstances is
it not likely that data obtained by standard meteorological procedures may be near to
redundant".

Despite these, and many other possible limitations of the experimental work
conducted, it remains my belief that the experimentation undertaken represents a valid
approximation of climatic response without recourse to an in-depth modelling and
experimental study. As outlined in Chapter 1, CLIMEX adopts a pragmatic approach
when attempting to model a complex system with numerous ecological variables, the
reliability of measurement of which may be unacceptable. Ecology is intrinsically a
complex subject, which is open to exploration by diverse techniques which are not
always readily integratable. The role of the experimentation employed herein is to
increase confidence in parameter values and to highlight areas where factors other
than climate may be active in influencing the insect's range. The rationale behind this
experimentation is not to elucidate the complexities of the species' climatic response
but to gain an overview to consolidate the knowledge gained from inference.
Therefore, the data obtained from the experiments will not be treated as absolute
values but as a guide during the parameter fitting process and should be considered
valid for use in relation to this project only.
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4,7) Parameter Fitting
In this section, observational and experimental data from the literature, and that
obtained during this project, will be integrated to allow parameter values to be
assigned to describe the climatic response of C. ass/ni//is. The CLIMEX parameters
used to quantify a species' climatically determined potential range are listed in Table
4.25.

Table 4.25 CLIMEX parameters

Growth Indices

Parameter

Definition

Temperature

DVO
DV 1
DV2
DV3
PPD
SMO
SMI
SM2
SM3
DPDO
DPTO
DPTI
DPD
DPSW

Limiting lower temperature
Lower optimal temperature
Upper optimal temperature
Limiting upper temperature
Minimum day-degrees
Limiting lower moisture
Lower optimal moisture
Upper optimal moisture
Limiting upper moisture
Diapause induction daylength
Diapause induction temperature
Diapause termination temperature
Diapause development days
Diapause summer or winter indicator

Stress Indices

Parameter

Definition

Cold

TTCS
THCS
TTHS
TI-IHS
SMWS
HWS
SMDS
1-IDS

Moisture

Diapause

Heat
Wet

Dry

Cold stress temperature threshold
Cold stress temperature rate
Heat stress temperature threshold
Heat stress temperature rate
Wet stress threshold
Wet stress accumulation rate
Dry stress threshold
Dry stress accumulation rate

The stress and growth indices are distinct, defining population survival and growth
respectively. The stress indices define the limits of geographic distribution whilst the
growth indices describe activity patterns and relative abundance within this
geographical framework. The interaction of these two groups may vary, i.e. the
threshold at which stress accumulates may be above or below the threshold for
development. For example, a species may die under prolonged exposure to a
temperature regime, even though that regime does not preclude development.
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Conversely, a species may be able to survive at temperatures at which development
does not occur, without an increase in mortality e.g. through diapause/quiescence.

A full description of the construction of each parameter and the parameter fitting
process is given in Chapter 3. Parameter fitting is a prolonged iterative procedure and
the parameter fitting process has been necessarily summarised herein.

4.7,1) Meteorological Database
The European meteorological data used during this process is that held in CLIMEX,
i.e. 30 year mean monthly data from 289 locations in 34 countries. In addition,
meteorological data from another 57 UK locations have been added to the original
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UK sites held in the database, bringing the total number of European locations
represented to 346. The locations from which meteorological data is available are not
evenly distributed, with eastern European and Scandinavian countries being
particularly underrepresented (Figure 4.23).
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There are inherent problems associated with fitting parameter values in relation to
geographic information when meteorological data is available for relatively few
locations. Such locations may not be necessarily indicative of a country's climate as a
whole, nor correspond to areas where field work has been carried out. This problem
will be addressed by the use of interpolated meteorological data at a resolution of one
degree of longitude and latitude, providing meteorological data for 1469 European
locations (Refer to Appendix 2 for a description of the dataset, and of its conversion
for use in CLIMEX). Because of the associated error margins inherent in the
construction of interpolated datasets, initial parameter fitting will be conducted using
the actual meteorological data and the parameters will then be applied to the
interpolated data.

4.7.2) Diapause Index
CLIMEX incorporates a diapause index which reduces the growth index to zero
during the period of diapause, whilst still allowing stress accumulation. C. a,siniiIis
undergoes obligate diapause. Bonnemaison (1957) was unable to prevent diapause by
varying photoperiod, humidity or temperature. Ni et cii. (1990) found that a minimum
of 16 weeks of simulated diapause conditions were needed to allow ovariole
development upon subsequent emergence. New generation adult emergence occurs
from late July until early September, usually peaking in August. The adults spend
between one to two weeks feeding after emergence from pupation before seeking
overwintering sites. Bonnemaison (1957) attributed the timing of the onset of
diapause to the time taken for the accumulation of a sufficient quantity of fat to
survive overwintering. CLIMEX's diapause function requires the combination of both
photoperiod and temperature induction values below which diapause occurs. As the
onset of diapause appears to be induced by the completion of sufficient feeding and
the emergence of adults from pupation is staggered over a two month period it is not
associated with a particular temperature or photoperiod and therefore cannot be
accommodated by the diapause function. In addition, diapause would not be modelled
in locations within C. ass/mi/is' range where the defined conditions were not met e.g.
North Africa.
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The main function of this index seems to be to model phenology in species which
undergo facultative diapause and where the diapause induction and termination
temperatures are well-investigated and are different from the lower temperature limit
for development (DVO). Otherwise the DVO effectively models phenology. Therefore,
the diapause function will not be used in relation to C'. ass/mi/is.

4.7.3) Moisture Indices
CLIMEX generates weekly soil moisture values from precipitation and
evapotranspiration functions as described in Fitzpatrick & Nix (1969). Soil moisture is
expressed as mm per cm depth, and the units of the moisture indices are percentage
saturation capacity. The default value describing 100 % saturation is 100 mm, which
represents saturation capacity in an average soil type. This value can be changed if the
soil type is known, and is heavier (higher clay content) or lighter (higher sand content)
than average (saturation value increased or decreased respectively). The default value
has been used in this project.

A) Growth Indices
Limiting lower soil moisture (SMO)
This parameter is defined as the soil moisture value below which no population
growth takes place. Bonnemaison (195 7) observed that dry conditions at pupation can
reduce C. a.siini/is populations by preventing larvae from penetrating the soil if the
earth surface is very dry (mortality of up to 70 % at this time), and that second
generation adults may also have difficulty emerging from pupation if the earth has
formed a dry crust. In addition to these observations, it was found during the
experimentation carried out herein that pupal development itself is also limited by low
soil moisture conditions. Pupal development was not recorded at regimes maintained
at zero moisture content. However, at regimes maintained at 10 % of soil moisture
capacity, some degree of completion of pupal development was recorded (91 (± 3) %
and 90 (± 1.2) % mortality in soil and sand experiments respectively). Therefore, for
pupation, SMO is greater than zero but less, or equal to, 10 % saturation capacity.

The effect of soil moisture on over-wintering survival was also investigated.
Bonnemaison (1957) stated that rain is needed before emergence from overwintering
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in the spring as the weevil's tissues require moisture accumulation to allow activity. In
accordance with this, it was found that no individuals successfully survived diapause
when a zero moisture regime was implemented. Diapause survival was investigated in
25 % increments, and at the 25 % saturation capacity regime 44 % mortality was
recorded. Therefore, the lower optimal limit for diapause completion lies above zero
but below 25 %. As discussed earlier, not all diapause takes place in the soil. In
addition, the timing of diapause and pupation necessitates that more emphasis is
placed upon pupation when estimating lower limiting soil moisture values. Pupation
takes place in August, whilst diapause takes place during the winter months. Soils are
more likely to be dry in summer months; in southern areas due to reduced rainfall and
in northern areas, where rainfall patterns are more constant, due to the increased
evapotranspiration rates associated with higher temperatures. Therefore the pupation
data will be used when estimating this parameter. The lower limiting parameter was
therefore set to 10 % soil moisture.

Optimal lower and upper soil moisture parameters (SMI and SM2)
These two parameters define the upper and lower optimal soil moisture limits between
which population growth is maximised. The population growth rate is reduced if soil
moisture falls below SMI or exceeds SM2.

In diapausing adults, no significant difference in mortality was found amongst weevils
maintained at 25, 50 and 75 % saturation capacity. However, as the response of
overwintering adults has not been investigated between these 25 % intervals it is not
known where the optimal moisture limits lie. The optimal soil moisture range for
C assilni/is pupation differed between the two pupation substrates used. The pupae
developing in soil showed no significant variation among 20 to 90 % soil moisture
regimes inclusive, whereas those maintained in sand showed maximal development
between 40 to 80 %. The standard errors are also larger in the soil data, and it is
possible that this is due to inconsistencies in moisture content throughout each
replicate due to the soil's clumping tendencies, resulting in increased intra-regime
variability and reducing the apparancy of inter-regime variation. This may explain why
in the soil data only two distinct levels of mortality were clear, whereas in the sand
experiments three levels of mortality were statistically significant, a minimal level (40
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to 80 %), a mid-level (20, 30 and 90 %) and a maximal level (0, 10, 100, 110 and 120
%). Therefore, from the soil data a SMO of greater than 10 % but less than, or equal
to, 20 % and a SMI of greater than, or equal to, 90 % but less than 100 % is
suggested, and from the sand data a SMO of greater than 30 % but less than, or equal
to, 40 % and a SM1 of greater than, or equal to, 80 % but less than 90 % is
suggested. The more conservative range will be applied as it is likely that this will also
encompasses the optimal range for overwintering adults which has not been fully
estimated. Therefore, SM 1 and SM2 values of 20 and 90 % were applied respectively.

Limiting upper soil moisture (SM3)
This parameter is defined as the soil moisture value above which no population
growth takes place. During both pupation and diapause, some degree of successful
developmental completion occurred at 100 % soil moisture (99 (± 2.5), 98 (± 1.2)
and 95 (± 1.8) % mortality for pupation in soil, pupation in sand and overwintering
adults respectively). However, no survival occurred at regimes above 100 %
saturation capacity i.e. those where free water is present. From this we would assume
that DV3 is around 100 % saturation capacity. However, a problem associated with
this assumption is that it was not possible to experimentally recreate a natural soil
moisture environment at this end of the moisture spectrum; i.e. because of drainage
from soils, a calculated saturation capacity of above 100 % in soil will not be as
waterlogged as the simulated experiment. For example, an experimental recreation of
150 % soil moisture capacity using the methods adopted herein would result in the
soil standing within free water for the entire experimental period, this is in effect an
aquatic environment and therefore it is unsurprising that the insect does not survive.
In a natural situation, periods where free water is present are likely to be short-lived
before drainage occurs. Therefore, caution must be expressed when attributing upper
moisture limits.

This concern is highlighted when the 100 % upper developmental limit indicated by
the experimentation is applied. This parameter value (in conjunction with an SMO,
SM I and SM2 of 10, 20 and 90 % respectively) produces low moisture indices for
most of north-western Europe due to moisture levels being above the upper
developmental threshold. For example within the UK, moisture indices, and therefore
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ecoclimatic indices, are generally much lower than elsewhere in Europe, even though
relative importance and abundance data indicates that this is not the case (section
4.2.2). In addition, Scottish locations also display much lower moisture index values

than other UK locations, even though sampling found weevil levels of a similar
magnitude to elsewhere in the UK (Chapter 2). In addition, in 25 of the 92 UK
locations a moisture index of zero is produced, indicating that moisture conditions are
such that weevil populations could not persist (Figure 4.24).

Clearly the upper developmental limit suggested by the experimentation is not
indicative of C. asinziIis' response to conditions in the field. An upper limiting soil
moisture value of 250 % is suggested by the CLIMEX template for temperate
organisms and this was applied. This value resulted in consistent moisture indices
throughout the UK, with C. assirni/is survival not being precluded at any UK location
(Figure 4.24).
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Figure 4.24 UK moisture indices produced with upper developmental soil
moisture parameters (SM3) of 100 and 250 % of soil moisture capacity
(SMO=l0%,SMI =20%,SM2=90%).

Figure 4.25 shows graphs of monthly moisture indices in Tynemouth for SM3 values
of both 100 %, where survival was not predicted, and 250 % where a MI of around
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80 % is received without any change in those parameters representing optimal
conditions being implemented.
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Figure 4.25 Monthly moisture index values for Tynemouth produced with
upper developmental soil moisture parameters (SM3) of 100 and 250 % soil
moisture capacity (SMO=1O %, SM! = 20%, SM2 =90%).
B) Stress Indices
The moisture stress indices are expressed as upper and lower percentage saturation
capacity limits above and below which stress accumulates. Each parameter is
associated with an accumulation rate which determines how long the organism can
undergo stress inducing conditions before death occurs. The experimental work
completed during this study (section 4.5.2) indicates that extremes of soil moisture are
detrimental to both pupal and overwintering C. ass/nil/is

Dry Stress
The results of the experimentation displayed that 100 % mortality of both pupae and
overwintering adults occurred when they were exposed to zero moisture conditions
for the duration of their development. However, such unfavourable conditions may be
endured for some period of time, with a continuation of development when, and if,
conditions become more favourable. For example, at zero soil moisture several larvae
were found not to have entered pupation, but to have persisted for over six weeks in
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the larval state. C as.sirniIis larvae therefore may be able to endure low soil moisture
conditions for a limited period until conditions are more favourable for pupation. The
nature of the experimentation did not allow the temporal framework of this
mechanism to be investigated. However, in locations where zero moisture conditions
persist for a considerable time the species is unlikely to persist and the dry stress
parameter must be set to reflect this.

As discussed earlier, pupation is the appropriate developmental stage to consider
when estimating the species response to lower soil moisture parameters. As a lower
optimal range of 20 has been applied, the dry stress threshold must be above zero but
lower, or equal to, 20 %. As very little development occurred below 20 % soil
moisture capacity (91 (± 3) % and 90 (± 1.2) % pupal mortality at 10 % soil moisture
in soil and sand experiments respectively, no successful development at zero
moisture), a stress threshold of 20 % was applied. At the default/starting point stress
accumulation rate of 0.001, dry stress was not accumulating at locations where MI
was equal to zero over the months where pupation occurs. For example, Sidi Ifni, in
southern Morocco receives a mean of only 3 mm of rain in both May and June and
none at all in July and August (Figure 4.26). C. assimilis pupation is reported to
occur in mid June to early July in Morocco (Lahrner, pers comm.), at which time soil
moisture levels would be near to zero. The experimentation carried Out herein found
zero completion of pupation in pupation substrates without moisture and therefore it
would be unlikely that the species would persist under such conditions. This situation
would not be reflected in the moisture index's overall value as this is displayed as an
annual index and at other times of the year the MI is optimal. Therefore this
unsuitability of mid-summer soil moisture for pupal development must be described by
the dry stress parameter.

A high accumulation rate is required to reflect the severity of the implications of low
summer soil moisture conditions, even when moisture levels are optimal during the
rest of the year. At stress accumulation rates of both 0.001 and 0.05 dry stress did not
attain lethal levels in Sidi Ifni (Figure 4.26).
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rates of 0.001, 0.005 and 0.01 and a threshold of 20 % soil moisture.

Therefore an accumulation rate of 0.01 was applied, as this provided lethal dry stress
values to locations showing the above pattern of mid-summer zero soil moisture
without precluding the weevil's survival in areas such as north-western Morocco
where it is known to persist.

The final dry stress parameters are therefore a threshold of 20 % soil moisture
capacity and an accumulation rate of 0.01. The resultant dry stress parameters are
displayed for locations in the CLIMEX European dataset and for the interpolated
meteorological data in Figures 4.27 and 4.28 respectively.
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Figure 4.28 Dry stress index values predicted at 1469 interpolated locations at a
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A very similar scenario is displayed in both datasets. Dry stress is estimated to occur
predominately below 40 °N. Lethal dry stress values are displayed in central Algerian
and south western Moroccan locations, predicting that extremely low mid-summer
soil moisture levels will prevent survival in these areas. Non-lethal dry stress values
occur in southern Europe, decreasing northwards. Dry stress levels of around 30 and
40 are predicted in southern Spain, Greece and Turkey, and lower levels are found in
southern Italy. Positive dry stress indices are also displayed in some locations in
Romania, Bulgaria and the Ukraine. In these areas, although dry stress values are not
predicted to be lethal they indicate that the soil moisture levels encountered by
C assirnilis during pupation are likely to be detrimental to populations and therefore

this will be reflected with a lowered overall ecoclimatic index which describes the
climatic suitability of that location.
Wet stress (SWS)
As discussed in the upper limiting moisture section, values above which wet stress
accumulates in the experimentation are misleading when applied to a field situation.
As before, the wet stress threshold and accumulation rate are taken from the
CLIMEX template for temperate species i.e. a threshold of 250 % soil moisture
capacity and an accumulation rate of 0.002. These parameters do not produce wet
stress at any locations in Europe and north Africa.

4.7.4) Temperature Indices
A) Growth indices
Limiting lower temperature (DVO)
This parameter defines the temperature below which no population growth takes
place. Population growth may be reduced to zero either by limiting physiological
development directly, or indirectly by modifying behaviour.
As well as defining the lower thermal range of development, the DVO effectively
describes the phenology of emergence of the species. In all of C.

asimi/is'

developmental stages, successful completion of development was observed at the
lowest of the five temperature regimes, i.e. fluctuating 5/15 ° C with a mean of 10 T.
The degree to which development was completed varied with the developmental stage
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of the weevil. Mortality rates of eggs, larvae and pupae at this temperature regime
were 12, 42 and 98.5 % respectively. This suggests that whilst the threshold for pupal
development is likely to be close to that encountered in this regime, that of both egg
and larval development is likely to be lower, particularly in egg development. Indeed
Bonnemaison (1957), investigated the duration of larval development in relation to
temperature through laboratory experiments and calculated a base temperature of
6 T.

Although all three developmental stages may have base temperatures of below 10 °C,
these thresholds will not be encountered when making predictions using long-term
meteorological data, as the species is in diapause when temperatures are within this
range. Were a diapause index in operation, the developmental threshold (DVO) could
be set to the actual threshold value. This would make no difference to the model when
using the mean meteorological data in the compare locations function. However, if the
parameters used in the compare locations function were used in the compare years
function, which uses real meteorological data, species development would be
unrealistically curtailed were post-emergence temperatures to drop below the DVO.
Therefore parameters cannot be directly translated between the two functions, but
must be re-evaluated. However, when using the compare locations function, without
the use of the diapause index, the temperature associated with the cessation of
diapause, reflecting the phenology of the pest, is the appropriate guide for this
parameter.
The air temperature at which the start of spring activity is observed has been reported
to be around 8 to 9 °C by Bonnemaison (1957) (although he reported this early
emergence only in sheltered and sunny areas). Dmoch (1965a) reported emergence
when maximum temperatures attained 9 to 11 °C and Smart et al. (1996) observed
activity at 11 to 12 T. In the monitoring carried out at an emergence site in the
Scottish Borders during this project (Chapter 2), the first C'. assimilis trap capture
was observed on the 20th of April, and the highest air temperature recorded at this
site in the previous week was 11.5 T. Maximum temperatures had not exceeded
10 °C in the previous two weeks before emergence.

Although first emergence has been recorded at temperatures of between 8 and 12 °C,
flight has been observed to occur when maximum temperatures attain 15

°C

(Ankersmit 1956; Bonnemaison, 1957; Dmoch, 1965a; Free & Williams, 1979a;
Laska & Koucerek, 1991). Indeed, the best correspondence between the observations
of peak invasion of the crop in the literature, and prediction of first flight activity is
achieved when DVO is set at 15 °C (Table 4.26). The only exception being that of
Laska and Koucerek's (199 1) Czechoslovakian study, which a DVO of 15 °C indicates
an initiation of peak spring activity around a month later than reported. However, the
best fit between observations of trap catches and predicted first emergence is achieved
when DVO is set at 11 °C (Table 4.26). Therefore, 11 °C was chosen as the DVO
Parameter.
Table 4.26 Timing of first spring observation and peak invasion of
C. cessirnilis on oilseed rape crops (na = data not available).

Country
Czechoslovakia
France
Germany
Italy
Poland
UK (England)
Country
Czechoslovakia
France
Germany
Italy
Poland
UK (England)

First emergence of C. assiniilis adults
Observed
Predicted (11 °C)
late March
3rd week of April
late March to early May
4th week of March
late April
last week of April
mid March
1st week of March
early April
3rd week of April
mid April to early May
3rd week of April
Peak invasion of winter rape crops
Observed
Predicted 0 5 °C)
mid April
3rd week of May
late April to early May
4th week of April
mid May
2nd week of May
April
4th week of March
late April to early May
1st week of May
late May
3rd week of May

Ref
1
2
3
4
5
6,7,8,9
Ref
2
3
4
5
6,7,8,9

1. Laska & Koucerek (1991), 2. Bonnemaison (1957), 3. Büchs (1993), 4 Albertini et
at. (1988), 5. Dmoch (1965a & b), 6. Attah & Lawton (1984), 7. Free & Williams
(I 979a), 8. Smart ci at. (1996), 9. Current study (Chapter 2)
Lower and upper optimal temperature (Dvi and DV2 respectively)
These two parameters define the upper and lower optimal temperatures between
which population growth is maximised. The population growth rate is reduced if the
mean temperature falls below DVI or the maximum temperature exceeds DV2. The
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nature of the construction of this index requires that DV1 is expressed as a mean
temperature, whilst, DV2, like all other parameters, is an absolute value.
The optimal temperature parameters define the geographic core of the species'
distribution, i.e. the limits of the area in which greatest population abundance occurs,
from which populations decrease in magnitude towards the absolute limits of their
range. When the relative abundance data collated from the literature is displayed
diagramatically (Figure 4.29) it would appear that core abundance is located in central
Europe, where the most economically damaging populations of C. assimi/is are
reported. Although the weevil is common on Scandinavian oilseed crops, populations
are generally economically unimportant. Economically damaging

C. ass/mi/is

populations are reported in the UK and northern and central mainland Europe
(Denmark, Holland, Germany, Poland, the former Czechoslovakia, France, Italy and
the former Yugoslavia). However, within this region both Austria and Switzerland
report the weevil to be common but not harmful. Populations decrease in economic
importance towards the Mediterranean and Africa. Weevil populations are more
abundant in the north of Italy than the south (Albertini el a/., 1988) and are not of
economic importance in Turkey, Sardinia, Algeria or Morocco (Bonnemaison, 1957;
Lahmer ci al., 1992).
Recorded distribution & relative importance of C. assirnil/.c
Economically important
Present hut econoiiiically Linimportant
Abundance iinkiioun

.
)

i
0

i
1000
500
Scale (kin)

Figure 4.29 Reported relative abundance of C. a.ssimi1is
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This pattern of abundance would suggest that the relative magnitude of populations
may be under thermal control. The Scandinavian countries, in particular Finland and
Norway, providing a cooler than optimal environment and the Mediterranean and
northern African regions being above optimal limits for population increase. The low
population densities in Austria and Switzerland may also reflect the alpine climate in
these countries being sub-optimal. However, as discussed earlier in this chapter, the
region of maximum abundance also corresponds with the main rape production areas,
and the composition of winter and spring crops grown may also influence this pattern.
Therefore, experimental data must be taken into account when assigning parameter
values.
The recorded optimal temperature ranges for mortality minimisation varied amongst
the different developmental stages of the weevil. Adult lifespan, in both post and prediapause weevils, was inversely related to temperature. In both datasets, those weevils
maintained at a fluctuating 15/5 (mean 10) °C displayed a significantly longer lifespan
than those kept at all other regimes. Similarly, new generation adults maintained at 10
°C also displayed significantly longer lifespans than those kept at all other regimes.
These results suggest that the lower optimal parameter value is less than, or equal to,
10 °C as this is the mean temperature of the regime at which lifespan is optimised. The
upper optimal parameter is equal to, or greater than, the maximum of the highest
regime at which mortality is minimised, but less than the maximum of the next highest
regime, i.e. equal to, or greater than, 15 °C, but lower than 20 T.
Egg mortality was found to be directly related to temperature. However, no statistical
difference in mortality was recorded between, and including, regimes with a mean of
10 and 25 T. Mortality was significantly higher at regimes with a mean of 30 °C, with
the exception of 25 °C from which it was not statistically different, suggesting that the
upper optimal limit lies between the regimes with means of 20 and 25 T. Therefore,
the data suggest that the lower optimal parameter is below, or equal to, 10 °C and the
upper optimal parameter is greater than, or equal to, 25 °C but below 30 T.
Larval mortality was also directly related to temperature. There was no significant
difference between mortality levels amongst the 10, 15 and 20 °C regimes. Nor
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between the 25 and 30 °C regimes. At both 25 and 30 °C mortality was significantly
greater than at 10, 15 and 20 T. As with egg development, this suggests that the
lower optimal parameter is below, or equal to, 10 °C and the upper optimal parameter
is greater than, or equal to 25 but below 30 T.
In contrast to the other stages, pupal mortality showed a narrower optimal range.
Pupal mortality was significantly lower at 20 °C than at any other regime except
15 T. There was no significant difference in mortality amongst the regimes
maintained at 15, 25 and 30 T. This suggests that the lower optimal parameter lies
between regimes with a mean of 15 and 20 T. This suggests a lower optimal mean of
above, 15 °C but lower or equal to 20 °C, and a higher optimal parameter of greater
than, or equal to, 25 but below 30 T. The range of optimal temperatures for mortality
minimisation during each developmental stage are summarised in Table 4.27.
Table 4.27 Experimentally indicated optimal temperature ranges for
C. ass/mi/is mortality minimisation
Stage
Adult
Egg
Larvae
Pupae

Range of optimal parameter values
Lower optimal temperature
Upper optimal temperature
DVI <10°C
15°C<DV2<20°C
DVI < 10°C
25°C <DV2 < 30 "C
DVI <10°C
25°C<DV2<30°C
15°C<DV1 < 20°C
25°CDV2<30°C

Mortality minimisation cannot be considered to be the sole indicator of optimal
conditions, and developmental duration must also be integrated when defining thermal
optimals. Phenology can be estimated by using activity and flight thresholds to
estimate the temperature at which each developmental stage will be present, the
duration of that stage can then be inferred from the results of the experimental work
in this chapter. When this method is applied to the five representative thermal regimes,
only at those locations over 60 °N is there the possibility that the duration of a
generation of C ass/mills may not be completed. Elsewhere duration would not seem
to be a pertinent factor in defining optimal conditions.
Lower optimal temperature
The lower optimal parameter is expressed as a mean temperature. The lower optimal
threshold for adult, egg and larval mortality are below, or equal to 10 T. The lower
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optimal threshold of pupal development lies between 15 and 20 °C. Were the higher
of the two thresholds applied, countries with cooler climates would be penalised in the
early months of the developmental season, even though the temperature would be
within the optimal range for the developmental stages which exist at that time.
However, if this parameter is set too low then optimal development may be predicted
in areas in which mid-summer temperatures do not reach the lower optimal limit for
pupation. For example, at locations above 60 °N maximum mid-summer temperatures
do not exceed 15 "C (July mean 14.5 ± 0.6°C). However, if the lower optimal limit is
set too high it will penalise other locations, i.e. at locations between 50 and 60 °N,
mean temperatures do exceed 15°C in July (15.9 ± 0.1 °C), however, if the parameter
was set to this level then conditions in June (14 ± 0.1 "C) would not be classed as
optimal even though they are for the stages which are present at this time. Therefore
this parameter must be a compromise between the two lower parameter limits. A
mean lower temperature of between 10 and 15 ° C would lie in the northern region of
the 50 to 60

ON

latitudinal band and therefore also correspond with the northern

observational limit of core abundance in the UK and Denmark. Several parameters
were investigated and 12.5 °C gave the closest correspondence with the observational
limit of core distribution.
Upper optimal temperature
In egg, larval and pupal development the upper optimal parameter is equal to, or
greater than 25 ° C, but less than 30 T. Adults, both post and pre-diapause, have an
upper optimal limit of between 15 and 20 T. However, as discussed earlier, adults are
the stage with most freedom to choose their micro-climate due to their mobility and
capacity to retreat to sheltered hiding places during the hottest part of the day,
therefore upper optimal limits produced when individuals are denied such behavioural
control are of limited practical application. Therefore the limits governing the other
developmental stages are more pertinent in this context. Of these three stages,
phenology decrees that pupation is the stage which is most likely to be present under
mid-summer conditions. Pupal mortality at the regime above the upper optimal regime
was 92 (± 1.9) %. This suggests that the upper threshold may be nearer to 25 than
30 T.
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In addition, the upper temperature regime in which optimal developmental completion
occurred is the regime representing mean mid-summer conditions in a latitudinal band
from 40 to 50 °N, encompassing northern Portugal, northern Spain, France,
Switzerland, southern Germany, Italy, Austria, the former Czechoslovakia, the former
Yugoslavia, Hungary, Romania, Albania, Macedonia, Bulgaria and Moldovia. The
southern boundary of this band corresponds with the southern observations of
economically damaging populations of C. a'siniiIis. Therefore, the experimental data
indicates that the southern boundary of the optimal core of distribution is indeed,
under thermal influence. The upper mid-summer temperature limit of this regime,
25 °C, will therefore be used as the value for DV2.
Limiting upper temperature (DV3)
This parameter defines the temperature above which no population growth takes
place. Population growth may be reduced to zero either by limiting physiological
development directly, or indirectly by modifying behaviour. In all stages of
C. assilni/is in which response to temperature was investigated, development was
completed, to some degree, at the highest temperature regime i.e. fluctuating 25 to
35 °C with a mean of 30 T. Therefore the upper temperature limit for development is
equal to, or greater than 35 T. Mortality levels at this highest temperature regime
varied. Mortality of eggs, larvae and pupae was recorded to be 52 % (± 5.5), 71 % (±
2.8) and 98.5% (± 1.5) respectively.
When drawing conclusions upon the impact of temperature on development, the
timing of each developmental stage must be considered. The response to temperature
of the stage which is present at mid-summer peak temperature conditions (July) is
likely to denote the upper thermal constraints of the species. In C. assirnilis, pupation
is the developmental stage present during mid-summer. Pupation lasts for 2 to 4
weeks (Heymons, 1922; Hanson et al, 1948; Risbec, 1952a; Bonnemaison, 1952;
Bonnemaison, 1955; Hoffman, 1955; Dmoch, 1965a) and occurs in mid to late July in
northern and mainland Europe (Bonnemaison, 1957; Dnioch, 1965a; Williams & Free,
1978; Free & Williams, 1979a; Attah & Lawton, 1984; Albertini el al., 1988; BUchs,
199')). Pupation is reported to occur slightly earlier in Morocco, in mid June to early
July (Lahrner, pers comm.) but still within the hottest period of the year. Therefore,
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the upper thermal constraints of pupal development are, in effect, that of the species
as a whole. As mentioned previously, very little completion of pupal development
occurred at the fluctuating 25/3 5 °C, with only 1.5 % of pupae emerging as adults.
This would suggest that 35 ° C is very close to the upper limit of development, and
therefore DV' is set at 36 T.
B) Stress Indices
The temperature stress indices are expressed as maximum and minimum temperatures
above and below which stress accumulates. Each parameter is associated with an
accumulation rate which determines how long the organism can undergo stress
inducing conditions before death occurs. The stress indices describe the limits of
geographic distribution. The cold and heat stress parameters are used to define
northern and southern boundaries of distribution respectively in northern hemisphere
populations.
Cold Stress
C. ass/mills undergoes diapause during the winter months and the overwintering adult

is known to be cold hardy. Bonnemaison (1957) observed no apparent decrease in the
number of emergent adults after a particularly harsh winter in France, during which
mean February temperature was - 4 T. Even more severe conditions are endured at
the observed northern limit of European C. assimilis distribution of around 60 °N. At
19 Scandinavian locations between 58 and 62 °N the mean daily temperatures over
December, January and February are between -2 and -5 °C, with minimum
temperatures of between -5 and -7 T. As it is known that C. as,i,niIis persists under
such conditions, the cold stress parameter must be set to reflect this and not preclude
survival in such areas.
However, 60 to 65 °N is also the boundary for oilseed rape cultivation, and indeed the
cultivation of most crops, and therefore it cannot necessarily be assumed that this is a
solely climatically imposed limit. There are 26 locations over 60 °N included in the
CLIMEX database. At these locations, the 15 °C threshold associated with peak
immigration into the crop (Ankersmit, 1956; Bonnemaison, 1957; Dmoch, 1965a;
Free & Williams, 1979a; Laska & Kocourek, 1991) is attained on average in the
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second or third week of June (week 23.6 ± 0.5), compared to mid-May in
Scandinavian locations below 60 °N. Therefore, assuming sufficient maturation
feeding has already taken place, oviposition and egg development are likely to occur
in late June/early July. Mean maximum and minimum June temperatures at these
locations are 15.5 (± 0.7) °C and 6.9 (± 0.5) °C (mean 11.2 ± 0.6 °C) and July
temperatures are 18.9 (± 0.8) °C and 10.2 (± 0.6) °C (mean 14.5 ± 0.6'C). From the
corresponding experimental regimes of fluctuating 15/5 °C and 20/10 °C, it would be
predicted that egg development would take between 10 to 25 days. Therefore larval
development would occur around mid-July. The aforementioned July temperatures
correspond to the fluctuating 10/20 °C experimental regime, and under these
conditions larval development took a mean of 12 (± 03) days. The majority of
pupation would therefore take place in August, when mean maximum and minimum
temperatures are 17 (± 0.6) °C and 9.2 (± 0.5) °C respectively, with a mean of 13.
(± 0.5) T. These temperatures lie between the fluctuating 10/20 °C and 5/15 °C
regimes and therefore pupal duration would take between 30.5 and 50 days. It would
therefore seem likely that adult emergence from pupation at locations above 60 °N
would commence in early September, as opposed to August emergence, which is
observed in most European countries (Bonnemaison, 1957; Dmoch, 1965a; Williams
& Free, 1978; Free & Williams, 1979a; Attah & Lawton, 1984; Aibertini e/ al., 1988;
Büchs, 1993). Crops would not be available at this time and wild crucifers would have
to be utilised for pre-diapause feeding. From this, it would appear that although,
under some circumstances, a complete generation may be accommodated by
temperature conditions above the current northern distributional limit populations,
such populations are likely to be borderline. In addition, in years where conditions
were colder than average, significant populations losses are also likely to occur.
In summary, European locations above 60 °N may be potentially capable of
supporting C. assirni//s. However the survival of such populations is likely to be
borderline and it would seem likely that, although the potential range of the weevil
may extend somewhat further north than that enforced by host cultivation,
populations in this region are likely to be of low abundance and of limited damaging
potential. However, even though summer conditions would allow population survival,
it is not known whether overwintering mortality would be greatly increased at the
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temperatures found in the far north of Scandinavia. The effect of temperature of
winter mortality was not investigated, and future research would be advisable to
elucidate this relationship. However, to avoid compromising the weevil's potential
range when setting this parameter it is preferable to err on the generous side when
estimating the weevil's cold hardiness. This can be done without undue concern that it
will create a false distributory limit as, in this case, considerable information
concerning the weevil's lower developmental threshold is known. Where development
will not occur the species will not persist, regardless of whether or not cold stress
accumulates. The use of the cold stress parameter is more important in estimating the
distributional limit where the cold stress and developmental limit are of a similar
magnitude and stress can accumulate even when diurnal temperatures allow
development. However in this species these two parameters are unlikely to co-exist.

A cold stress value of-5 °C was set, to reflect minimum temperatures found at 58 to
62 °N, with a low accumulation rate of 0.0005. The cold stress values generated are
displayed for the locations in the CL[MEX database in Figure 4.30.
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Figure 4.30 Cold stress index values predicted for 346 European locations.
Cold stress threshold (TTCS) -5 °C, accumulation rate (THCS) 0.0005.
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These parameter values result in non-lethal, cold stress values of 3 to 15 (lethal >
100) at locations around the 60 °N distributional limit in Scandinavia, and increase
beyond that, reaching lethal limits at some of the farthest north locations (over 64 °N)
where conditions are extremely harsh and the peak immigration temperature of 1 5 °C
is not exceeded. These parameters also result in cold stress accumulation at locations
at high latitudes in Austria, Switzerland and Eastern Europe. A similar scenario is
displayed when the parameters are applied to the interpolated meteorological data
(Figure 431). The main difference being that the greater number of locations make
cold stress accumulation is the eastern European countries more evident (Estonia,
Lithuania, Latvia Belarus, Ukraine and the Russian Federation). The cold stress values
in these areas are in the region of between 10 and 20 (lethal> 100). In addition, some
lethal cold stress temperatures are displayed in desert areas of Libya and Egypt in
northern Africa, where the diurnal extremes of temperature cause the accumulation of
both lethal cold and heat stress.
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Heat Stress
The geographic distribution of C. assimilis would suggest that the upper thermal limit
for population persistence lies in northern Africa. As with the northern limit of
distribution, this boundary could also be attributed to the lesser cultivation of oilseed
brassica crops, which tend to have a temperate distribution (Weiss, 1983). However,
the experimental work reported herein supports the theory that the observed limit of
distribution is governed by thermal factors.
Algerian and Moroccan mid-summer conditions (mean July temperatures for 44
Algerian and Moroccan locations - maximum 35 (± 0.7) °C, minimum 21.5 (± 1.1) °C,
mean 28.2 (± 0.8) ° C) are represented by the highest of the five temperature regimes
i.e. fluctuating 25/35 °C with a mean of 30 T. Mortality at this regime was high in all
stages of development; egg, larval and pupal mortality rates were found to be 52 %
(± 5.5), 71 % (± 2.8) and 98.5 % (± 1.5) respectively. In addition, both post and prediapause adult lifespan was greatly decreased at this regime, with both groups
displaying a decrease in longevity of 83 % when compared to the optimal regime
(fluctuating 5/15 °C, mean 10 °C).
As discussed when fitting the upper thermal limit, the response to temperature of the
stage which is present at mid-summer peak temperature conditions is likely to denote
the upper thermal constraints of the species. In C. assi,nilis the pupa is the
developmental stage present during mid-summer.
Mortality during pupal development under the 30 °C regime was close to 100 % (98.5
± 1.5%). This would suggest that, under such conditions, the population would be

unlikely to persist, and that the maximum temperature of this regime is close to the
upper limit for development. Mortality is also greatly increased at this regime in prediapause adults which are also likely to be present under mid-summer conditions.
Mean lifespan of such adults at the 30 °C regime was only 4.6 (± 0.5) days. Whilst the
length of lifespan may not reflect that in a natural environment as the insect would
have the opportunity to seek out more clement micro-climates, the reduction in
lifespan in relation to cooler regimes is sizeable.
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In summary, although development does occur under the conditions representative of
mid-summer temperatures in northern Africa, the percentage of individuals
successfully completing a generation is likely to be extremely low. As survival is likely
to be low in locations where maximum temperatures reach 35 °C, the heat stress
parameter should be set to reflect this, but not preclude survival in the cooler regions
of north west Morocco and coastal Algeria where the weevil is known to persist. A
good starting point to achieve this is to use the maximum temperature in the regime
from the band which lies directly to the north of this regime, i.e. fluctuating 20/30 °C,
mean 25 T. Therefore heat stress parameters of around 30 ° C were applied. The best
fit with the observed data was obtained when a value of 30 °C was used in
conjunction with an accumulation rate of 0.002. Figures 4.32 and 4.33 show the
predicted heat stress indices in the CLIMEX and interpolated meteorological datasets
respectively. In both datasets, the parameter values produce heat stress accumulation
of 100 or more (denotes no survival) in locations where mean mid-summer
temperatures are greater than around 38 °C, but do not preclude survival in the north
western Moroccan locations (Lahmer el al., 1992), nor in coastal Algerian locations
(Bonnemaison, 1957), at which populations are known to occur.
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Figure 4.32 Heat stress index values predicted for 346 European locations.
Heat stress threshold (TTFIS) 30 °C, accumulation rate (T1-IHS) 0.002.
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4.8) Ecoclirnatic Index
The growth index is analogous to the intrinsic rate of population increase and
describes population growth under favourable climatic conditions. The stress index
describes the population's persistence during climatically unfavourable periods. These
indices are integrated to produce a single value, the ecoclimatic index (El), describing
the climatic potential of a location to support a given species. The El describes the
overall favourablesness of a location's climate for permanent colonisation. El is scaled
between zero and 100, the higher the index the more favourable the location. The El
is not designed to be interpreted as an absolute value, but in a comparative manner.

The final parameter values used to describe the climatic response of C a.ssiinili.s are
displayed in Table 428, the resultant El values are displayed for both CLIMEX and
interpolated datasets in Figures 4. 3 4 and 4. 3 5 respectively.
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Table 4.28 CLIMEX parameter values describing the climatic response of
C. assimilis

Parameter
TTCS
THCS
DVO
DVI
DV2
DV3
TTHS
THHS
Parameter

Temperature Indices
Description
Cold stress threshold
Cold stress accumulation rate
Limiting lower temperature
Lower optimal temperature (mean)
Upper optimal temperature
Limiting upper temperature
Heat stress threshold
Heat stress accumulation rate
Moisture Indices
Description

Value (°C)
-5
0.0005
11
12.5
25
36
30
0.002
Value
(% soil moisture capacity)
20
0.01
10
20
90
250
250
0.002

Dry stress threshold
Dry stress accumulation rate
Limiting lower soil moisture
Lower optimal soil moisture
Upper optimal soil moisture
Limiting upper soil moisture
Wet stress threshold
Wet stress accumulation rate

SMDS
HDS
SMO
SM 1
SM2
SM3
SMWS
1-IWS
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Figure 4.34 Ecoclimatic Indices predicted for C. ass/rn/f is at 346 European
locations. Text denotes mean El of each constituent country.
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Figure 4.35 Ecocliniatic Indices predicted for C ass/mi//s at 1469
interpolated locations at a resolution of 10 of latitude and longitude.
The relative magnitude of the El values predicted are very similar to the reported
relative abundance of C. assiniilis in the literature, as presented in Figure 4.32
(Section 4.5.3); i.e. a core of distribution in mainland Europe and the UK with
decreasing populations to Scandinavia in the north and the Mediterranean and Africa
in the south. Figure 4.36 displays the mean El values of the locations in the European
database in relation to their latitudinal band, corresponding with the experimental
regimes implemented. It would therefore seem that the European distributional limits
and relative abundance within the range are indeed predominately governed by
climate.
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Figure 436 Mean El for 346 European locations in relation to their
latitudinal band. Error bars display the standard error of the mean.
Figure 4.37 displays the El values generated for each of the countries from which the
relative importance of C. ass/nil/is has been reported.
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Figure 4.37 Mean ecocliniatic indices predicted for U ass/mi/is, columns
coloured red represent countries in which the weevil is reported to be
economically damaging, those coloured blue represent countries in which the
weevil is present but is not of economic importance. Error bars display the
standard error of the mean.
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Good correspondence is displayed between the predicted and recorded relative
importance of the weevil, with the only deviation being Austria, in which the El
describes a favourablesness of climate of a similar magnitude to Poland, Germany and
the Czech Republic. Whilst in the latter three countries the weevil is described as an
important pest, in Austria the weevil is reported to be of low importance, rarely
meriting pesticide application (Berger, 1991). However, despite Berger's assertion,
Bechman (1987) reported a mean larval infestation of 23 % on an Austrian crop. Of
the 13 studies reporting larval infestation levels collated from the literature (Table 4.2,
Section 4.2.2), the Austrian study recorded the third highest mean. In addition, the
Austrian mean infestation was greater than infestation reports originating from Poland
and the UK, in which the weevil is reported to be economically damaging Therefore,
Berger's report of the weevil's relative importance in Austria may be misleading. A
contrasting theory for this lack of correspondence in predicted and reported Austrian
abundance, is that cold stress accumulation has been underestimated and this is
reflected in an overestimate of El. Further experimentation into the winter coldhardiness of overwintering adults would be advisable to clarify this factor.

In all other countries a strong correspondence between reported importance and
climatic suitability is shown. Those countries where C. ass/nil/is is reported to be
present but not economically damaging display lower El values than those where the
weevil is economically important. From the indices generated, it would appear that
economically damaging populations occur in countries where mean index values
exceed 30. Where these thresholds are not exceeded the species, although present, is
not economically damaging, i.e. Finland, Norway, Sweden, Switzerland, Turkey,
Morocco and Algeria (Figure 4.37).

Those areas displaying large error bars denote that the country may encompass areas
which have very different climatic conditions. For example, the mean El for
Switzerland displays a large standard error value. The data held in the CLIMEX
database for Switzerland include both high and low altitude locations, and therefore
cold stress affects these differentially. Similarly, although Moroccan locations display
a mean El of 23 (Figure 4.37) these predictions do not preclude the survival of
economically damaging populations in the north west of the country where the
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majority of Morocco's rape is grown (Lahmer el al., 1992) and where conditions are
much cooler than southern and inland areas. Although only general terms were used
to describe C. assimilis' Moroccan abundance, Lahmer el al. (1992) reported D.
brassicae infestation levels of 67 % on a winter rape crop in Douyet in northern

Morocco. As D. hrassicae primarily relies on C. assin,ilis feeding or oviposition
punctures for access to the pod (Skrocki, 1979b; Sylven & Svenson, 1975; Winfield,
1992; Ferguson el al., 1995), this would suggest that in this area weevil levels are of a

similar magnitude to those found in mainland Europe.

In the north west of Morocco, El values in the high 50s, 60s and 70s are predicted
(Figure 4.35), These are equal to, or greater than, those predicted for most midEuropean locations. However, these indices are somewhat misleading. The high El
values in north-western Morocco reflect that the temperature index is close to optimal
all year round, whereas in Europe only during the summer months are temperatures
within the developmental limits (Figure 438).
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Figure 438 Weekly temperature indices and annual El index generated for
C. assimilis populations in Essaouira, Morocco and Orleans, France.

C. assirnilis undergoes obligate diapause, Bonnemaison (1957) was unable to prevent
diapause by varying photoperiod, humidity or temperature and Ni el cii. (1990) found
that a minimum of 16 weeks of simulated diapause conditions were needed to allow
ovariole development upon subsequent emergence. In Europe the weevil is active for
approximately six months of the year (mid-April and mid to late September) and
therefore only during this time is the temperature index important in determining
climatic favourability. As the weevil is univoltine, once a generation is completed no
further advantage would be gained from continued activity. Therefore the presence of
climatic conditions favourable for development during the diapause period does not
construe an advantage. Therefore, although the temperature indices generated for
('. assimiii.s in north-west Morocco indicate that the species is likely to be more
economically damaging than in central Europe, this is not the case.

In summary, the parameter values assigned to describe C. assirnilis> climatic response
produce climatic suitability indices which correspond with reported relative abundance
and phenological data. As with any process where results based on deduction or
experimentation are used to make predictions, it is necessary that the data is validated
in some way. This is especially important if CLIMEX parameters have been
predominately based on inference. In this case, climatic response was experimentally
investigated, and corresponded with the data inferred from reports of distribution and
abundance. However, validation is still necessary to ensure confidence in the quality
of the parameters set and in any subsequent predictions made.

4.9) Validation
Where a species is present in more than one continent, validation can be achieved by
fitting parameters with respect to data collated from one continent and then
comparing the predicted fit with reports of the species' distribution, abundance and
phenology in the other.

In addition to being a major pest of European oilseed crops, C. assirnilis is also
present in North America. The weevil was first reported in North America in 1931,
from Vancouver in British Columbia, Canada (McLeod, 1953). It was first reported in
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the US in Washington in 1935 (Baker, 1936) and spread southward through Oregon
to California (McLeod, 1953).

Currently, (. a&cirnilis is described as a key pest of US brassica seed crops and is
reported to occur throughout the major oilseed rape production areas of the United
States (Buntin et al., 1995; McCaffiey, 1992). ( assirnilis has been reported from;
Alabama, California, Georgia, Idaho, Illinois, Indiana, Kentucky, Michigan, Montana,
New York, North Carolina, Oregon, South Carolina, Tennessee, Washington and
Virginia (Carlson, Lange & Sciaroni, 1951; McCaffrey, 1992; Buntin & Raymer,
1994). McCaffrey (1992) conducted a survey of reports of the weevil's North
American distribution. Serious C. assinli/is infestations were reported in Idaho,
Washington, Kentucky, Tennessee and Georgia (McCaffrey, 1992). In Montana,
Oregon, Virginia, North Carolina, South Carolina, Indiana, Illinois, Michigan and
New York the weevil was reported to be present at low levels and problems were
anticipated in future years (McCaffrey, 1992). The weevil had not been recorded in
Missouri, Kansas, Alabama and Mississippi at the publication of McCaffrey's (1992)
paper, at which time rape had only been recently cultivated in the aforementioned
states. However, infestations have been reported in northern Alabama more recently
(Buntin, pers. comm.).
Although C. ci.siniiIis has been reported from British Columbia in Canada since 1931
(McLeod, 1953), the weevil is only recorded in the south of this state (Pucat, pers
comm.) and has not been reported to have spread into other Canadian states.
Consequently, C. assiniiiis is not considered to be a pest of Canadian brassica seed
crops despite large-scale oilseed rape cultivation. The known relative abundance and
distribution of C. assiniilis in North America and the predicted El values are displayed
in Figures 4.39 and 4.40 respectively.
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Figure 4.39 C. ass/mi/is distribution and abundance in North America.
C. ass/mi/is abundance data from McCaffrey (1992) with the exception of
Alabama (Buntin, pers. comm.).
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As mentioned during the parameter fitting section, the paucity of locations within
North America reduces the possibility of a full comparison of the predicted and
observed population response being attained. With many states represented by only
one or two meteorological locations. A North American interpolated climatology at a
comprising of 1404 locations at a resolution of 1 degree of latitude and longitude was
therefore imported into CLIMEX (Appendix 2). The resultant El values generated for
these locations are displayed in Figure 4.41.
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Figure 4.41 Predicted North American ecoclimatic indices for C. assirnilis at
1404 interpolated locations at a resolution of 10 of latitude and longitude.
In both meteorological datasets, a good visual correspondence between the reported
and predicted North American weevil populations is achieved. The areas which are
indicated to be most favourable for C. assinillis population persistence, i.e. the Pacific
coast and Pacific Northwest (Washington, Oregon, Idaho and Montana and
California) and the mid and south-east and Atlantic coast (Alabama, Illinois, Indiana,
Kentucky, Tennessee, Georgia, Michigan, North and South Carolina, Virginia and
New York) are those where weevil populations are recorded. In addition to the states
where the weevil is currently recorded, other US states were also predicted to be
suitable for weevil populations, especially Kansas, Missouri, Mississippi, Nebraska
and Iowa. The former three were mentioned in McCaffrey's (1992) paper as states, at
170

which time, rape had only been recently cultivated, and in Nebraska and Iowa no
oilseed cultivation had been recorded in the 1992 agricultural census. US oilseed
cultivation is increasing, total cultivation doubled from 361,400 to 734,200 acres
between 1994 and 1997, therefore it may be expected that weevil populations will
encroach into states where it is currently unrecorded as cultivation increases.
Another area of correspondence between observed and predicted distribution lies in
those areas where the weevil has not been found to persist despite oilseed cultivation.
Canada is the one of the world's major oilseed rape production areas, accounting for
around 25 to 30 % of world cultivation (FAO STAT Database). US oilseed
cultivation, although increasing, accounted for only 6 % of the combined Canadian
and American crop in 1997 (Canada 11,880,000, US 734,200 acres (FAOSTAT
Database)). Despite large scale oilseed cultivation, the weevil's presence on
neighbouring US crops and that the first report of C. ass/nil/is in North America was
from Vancouver, British Columbia in 1931 (McLeod, 1953) the weevil has not spread
beyond this state (Campbell, Sarazin & Lyons, 1989). CLIMEX predictions concur
with this pattern of distribution, with the only positive Canadian ecoclimatic indices
being reported from locations in southern British Colombia. The most northerly
rapeseed growing point in Canada is at 58.5 °N at Fort Vermillion in Alberta (Pucat,
Pers. comm.) but despite being at lower latitudes than the northern limit of European
populations, winter conditions are far more severe than those at comparable European
latitudes and the parameter limiting the species' predicted Canadian persistence is cold
stress, which reaches lethal levels at almost all locations. The same scenario is echoed
in the US state of North Dakota, which borders with the Canadian states of
Saskatchewan and Manitoba. McCaffrey (1992) commented that C. ass/mills has not
been recorded in this state despite several years of rape cultivation, and noted that this
state shared similar weather, habitat and rape production practices with Canada. As
with Canada, cold stress parameters again precluded population persistence in
locations in this state.
In the south of the continent, Buntin & Raymer (1994) report that although the weevil
occurs in the northern half of Georgia, it is not found in the coastal plain region even
though canola has been grown in this area for over 5 years and other brassica hosts
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are abundant. This is reflected in the predictions of El made using the interpolated
dataset, whereas in northern Georgia El values in the region of 40 are displayed, in
the southern half of the state El values are low (between zero and 15) due to heat
stress accumulation. Buntin (pers. comm.) also reported a similar scenario in southern
Alabama and again this is reflected in predictions of low El values in southern areas
due to high heat stress and low temperature indices during summer months.
As well as distributional data, observations of abundance can also be compared with
those predicted by CLIMEX. However, McCaffrey (1992) stated that even though
differential levels of weevil importance are reported, in states where rape cultivation is
relatively recent this may not reflect their potential abundance, and therefore such
reports must be treated with caution. The El indices generated for those south eastern
states in which C.

assinii/is

populations have been reported; Georgia, Kentucky,

Tennessee, North and South Carolina, Virginia, Illinois and Indiana, have predicted El
values of 40, 47, 44, 51, 52, 52, 46 and 44 respectively (CLIMIEX meteorological
data). These El values are similar to those displayed in the core areas of European
distribution, where economic damage is reported. Mean El indices for those states in
the Pacific Northwest are lower, at around 20. However, these are mean figures, and
larger El values, of 40 to 50, are recorded in coastal areas where the majority of rape
cultivation takes place. In both areas, damaging populations are both predicted and
reported.
Very few reports of actual abundance data are available from North America. As
discussed earlier, reports of abundance other than that of larval infestation are
extremely difficult to compare and therefore literature reports of larval infestation
levels are displayed in Table 4.29
Table 4.29 Reports of C. assimilis larval infestation levels in the United States
% Larval infestation of brassica seed crops
Crops mean
range
Source
Years
40.8
16.4 to 17
Boyd & Lentz (1994)
1
1
1
1
46.4
0 t 88
Carlson et al. ( 195 1)
4
25.5
4.5 to 58.5 Buntin & Raymer (11994)
3
1
75.1 55.9 to 94.7 McLeod (1953)
1
1
1
49.2 30.7 to 62.3 McLeod (1953)

State
Tennessee
C alifornia*
Georgia
British C olombia**
British Colombia***
No of years over which study was conducted, No of crops monitored over course of study
turnip
cabbage.
*common yellow mustard,
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On first inspection, North American larval infestation levels would seem to be higher
than those reported in Europe. Mean infestation rates of around 40 % are reported
from California, Tennessee and British Columbia (turnip) respectively (Carlson et al.,
1951; McLeod, 1953; Boyd & Lentz, 1994). Whilst a mean of 75 % was recorded in
cabbage crops in British Columbia (McLeod, 1953). European means ranged between
6 and 30 % (refer to Table 4.2, Section 4.2.2). However, all four of the
aforementioned US studies are based on data from only one crop and similar crop
infestation levels are encompassed in the ranges reported from European studies. In
Buntin & Raymer's (1994) study more crops were sampled (4 crops over 3 years) and
the mean infestation level reported is considerably smaller (25.5 %). Therefore it is
not possible to draw any conclusions from the direct comparison of such data.
Certainly the limited larval infestation data available from North America is within the
range reported from European locations. As discussed earlier, El values in North
American areas where C. assinillis is reported to be damaging are of the same order
as found in European countries where economically damaging populations occur.

On a smaller scale, intra-state variation of abundance is reported in West Tennessee.
Boyd & Lentz (1994) investigated C. ascinzili.y populations in two counties in West
Tennessee and reported large differences in abundance between them. The researchers
found that the weevil was between 79 and 229 times more abundant in Henry County
in the north west of the state than in Lake County in the north East. The authors
attribute this to overwintering site availability in Henry which has less farmland and
more timber land than Lake where only soil is available. They also mention that Lake
agricultural land is prone to flooding in winter and this is a more plausible cause of
overwintering mortality when combined with the lack of non-soil overwintering sites.
The experimentation reported herein has shown that overwintering soil-dwelling
adults cannot survive long-term flood conditions.

Reports of C. assin,ilis phenology in North America are rare. But where present are
similar to those of European origin, i.e. Harmon & McCaffiey (1997) found peak
weevil numbers on Idaho canola crops in mid-May, and new generation adults in late
July to mid-August. In addition, both Boyd & Lentz (1994) and Carlson el al. (195 1)
recorded first emergence in late March and mid April in West Tennessee and
1 '7

I I.)

California respectively. The predicted pattern of temperature-driven phenology is
similar between the two continents, i.e. temperatures are below the developmental
threshold during winter months, becoming positive and initiating emergence in the
Spring. Only in the southern states does this pattern differ, as in some locations
temperatures are within the developmental limits throughout the year. Therefore, as
discussed in Section 4.6 (Ecoclimatic Index section), the El values predicted in this
area may be misleadingly high.

In summary, a good correspondence was achieved between the predictions of
permanent colonisation potential made using the CLIMEX parameters, and the
reported distribution and abundance of C. ass/ni//is in North America. As the
parameter values describing C.

ass/m//is'

climatic response were primarily guided by

the experimental data, which corresponded with data pertaining to the species'
European distribution, abundance and phenology, the resultant correspondence with
the North American data suggests that the species' climatic response has been
realistically described and can be used with confidence to make predictions
concerning potential world-wide range.

4.10) Summary
The climatic response of C.

ass/mi//s

was investigated, both through experimentation

and inference from the species' European and north African distribution, abundance
and phenology. This information was integrated and used to set CLIMEX parameter
values describing the species' climatic requirements for population growth and
survival. The parameter values were validated by the comparison of predicted and
observed population distribution and abundance in North America and will be used to
predicted the potential world-wide range of C. ass/rn//is in Chapter 6.
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Chapter 5
Investigation of the climatic response of
Dashi eu ra brassicae
5. 1) Introduction
Thç aim of this chapter is to investigate the factors governing the current geographic
range of D. hrasicae, and to estimate the species' climatic response and resultant
potential range. This chapter will be structured as follows; an initial literature review
of 1). hrassicae's current distribution and abundance will be presented, and aspects of
the species' climatic response which require clarification through experimental study
will be identified. The results of the experimentation will be integrated with pertinent
information from the literature and CLIMEX parameters will be assigned and
presented. The final parameters will be used to predict world-wide climatically
controlled potential range in Chapter 6.

5.2) Distribution and relative abundance
5.2. 1) Distribution
D. brassicae is an indigenous pest of Europe and is reported to be present wherever
rape is grown within the continent (Lamb, 1989; Hill, 1987; Barnes, 1946). The
midge has also been reported from Morocco, in northern Africa (Lahmer, Filali &
Sekkat, 1992). D. hrasicae has not been reported from any other continent.

The northern limit of D. hra.ssicae's European distribution corresponds with the limit
of oilseed rape cultivation at around 60 °N in Sweden (Ahman, pers. comm.) and is
only present in the most southerly areas of Finland (Bromand, pers. comm.).
Literature reports of D. brassi cue incidence are available from the following
countries; Austria, the former Czechoslovakia, Denmark, Finland, France, Germany,
Holland, Italy, Poland, Russia, Sweden, Switzerland, the UK and the former
Yugoslavia. The species' most southerly reported distribution is in the Saiss region of
Morocco (Lahmer ci al., 1992) in northern Africa.
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5.2.2) Abundance
Bromand's (1990) questionnaire-based survey of pests and diseases of oilseed rape in
Europe included reports of the perceived relative importance of D. hrassicae in the
constituent countries (Denmark, Finland, France, Germany, Holland, Norway,
Sweden, Switzerland and the UK). Researchers rated D. hrassicae as; absent,
common but not harmful, seriously damaging or very seriously damaging. From this
survey it was reported that the midge was considered to be a very seriously damaging
pest of winter crops in Denmark, France and the UK, seriously damaging in Germany
and Holland, and common but not harmful in Sweden and Switzerland. The midge
was reported to be absent from Norway (Bromand, 1990).
In spring crops, D. hrassicae was reported to be common but not harmful regardless
of country, with the exception of Sweden where it was classed as seriously damaging.
D. brassieae is known to be more damaging to winter crops because of its phenology.
The midge is multi-voltine and four generations per season have been recorded in
several countries; Czechoslovakia (Piln, 1972a), Denmark (Axelsen, 1993a), Poland
(Czajkowska, 1978) and Sweden (Ahman, 1986). In general, the first three
generations are reported to be supported by a combination of winter and spring crops
and the fourth by alternative cruciferous hosts. Winter rape is reported to support two
generations of D. bra.sicue; in Czechoslovakia (Piln, 1972a), France (Coutin &
Riom, 1970), Germany (Buhl, 1960), Poland (Czajkowska, 1978), Sweden (Sylvén,
1949) and the UK (Williams el al., 1987 a & b and the current study (Chapter 2)).
The first two generations of D. hrassicae are generally the largest, as an increasing
percentage of individuals enter diapause at the end of each generation. For example,
Piln (1972b) found that 28, 72, 90 and 95 % of larvae entered diapause at the end of
the first, second, third and fourth generations respectively. This finding is
corroborated by Czajkowska (1978) who reported that diapause initiation rose from
20 to 90 % between the first and fourth generation and similar observations have been
reported in other studies (Sylvén, 1949; Buhl, 1960; Coutin & Coulon, 1966).
Therefore, as winter crops are present early in the season they receive the greatest
compliment of midge larvae, as a consequence greater damage accrues than in the
later developing spring crops.
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Some variance exists between the results of Bromand's (1990) survey and other
reports of D. brassicae abundance. For example, although Bromand (1990) reports

D. brassicue infestation of winter rape to be very seriously damaging in the UK.
D. hrassicae numbers encountered during UK sampling are often reported to be very
low, and the midge is usually described as an important but occasionally damaging
pest, with injurious outbreaks remaining localised (Gould, 1975; Savage, 1982; Attah
& Lawton, 1984; Williams et al., 1987b; Anon, 1996). Lane & Cooper (1989)
reported a mean of only 4 % D. hrassicae pod infestation in 50 unsprayed winter rape
crops per year between 1981 and 1988. Similarly, the midge was reported from only
two of 14 sites monitored by ADAS in Yorkshire during 1994, and at both of these
sites less than I % of pods were infested (Ellis, pers. comm.). In addition, Bromand
(1990) also reports D. brassicae infestations to be very seriously damaging on Danish
winter rape crops. Danish references report D. brassi cue occurrences, although
widespread, to be localised and of low to moderate abundance (Hansen, 1994 and
pers. comm.).

Another area of disparity between Bromand's paper and other studies exists in the
description of the species' injuriousness on Swedish oilseed crops. Although
Bromand's (1990) paper reports that only spring rape is economically damaged by

D. hrassicae, several Swedish papers report damaging populations on winter rape
crops (Djurle, 1982; Gustafsson, 1993; Lerenius, 1993). Berg & Gustafsson (1992)
reported extensive damaging outbreaks of D. brussicue in winter rape crops in the
province of Ostergotland, and only slight damage to nearby spring crops. Another
difference in the reported Scandinavian distribution of D. brassicac is that Bromand
(1990) states that the species is absent from Norway, whilst Barnes (1946) includes
Norway in his description of the midge's distribution. However, Barnes (1946) does
not provide references identifying the source of this information.

A reason for deviation in reports of D. brass/cue's range may be that the occurrence
of economically damaging populations of the species is characteristically described as
localised. Such a distribution may be a consequence of the species' poor dispersal
capabilities. D. brass/cue is a weak flier and migrates no more than 0.4 to 1 km from
the previous years over-wintering site (Sylvén, 1970; Hornig, 1981; Winfield, 1992).
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This may lead to a patchier distribution than that displayed by species with greater
dispersal potential and therefore, unless wide-scale sampling is undertaken, differing
reports of abundance between studies are likely.

In addition to the countries listed by Bromand (1990), D. hrc,ssicae has also been
reported to be widespread and economically damaging in Czechoslovakia (Piln9,
1972a, Poland (Piekarczyka, 1994) and the former Yugoslavia (Macelj ski, Balarin &
Danon, 1980). In addition, damaging populations have also been reported in northcentral Italy (Albertini, Chianella & Mallegni, 1988). Austrian populations are
reported

10

be localised and of low importance (Berger, 1991). Although sources

suggest that D. brussiccie is present on oilseed grown in the Russian Federation
(Muhlow & Sylvén, 1953; Shurovenkov, 1984) no data concerning the pest's
abundance or importance is given.
D. hrwxi cue presence has also been reported from the SaIss region of Morocco
(Lahmer et al., 1992) in north western Africa. Of the three locations monitored in this
study, I). brassicae was reported to economically damaging at one site (Douyet).
Overall, midge levels in Morocco were reported to be low, but were predicted to
increase with the expansion of rape cultivation in this country.
D. hrassicae's relative importance (where known) in the constituent countries of
Europe and northern Africa is summarised in Table 5.1

Table 5.1 Relative importance of D. hrcessicae on European and northern
African oilseed rape crops (continued overleaf.
Country

Norway
Finland
Sweden
Denmark
UK
Holland
Poland
Russian Federation
Germany

Relative Importance of D.
bra.ssicaet
Winter OSR
Spring OSR
na
P'
na
U
D
D
D
U
D
U
D
na
D
na
P
na
D
na

Reference

1,2
2
2,3,4,5,6
2,7
2,8
2
10
10,11
2
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Table 5.1 Relative importance of D. hrassicae on European and northern
African oilseed rape crops (continued)
Country
Former Czechoslovakia
France
Austria
Switzerland
Italy
Former Yugoslavia
North West Morocco

Relative Importance of D.
brcis.sicae
D
na
D
na
U
na
U
U
D
na
D
na
na
(D)

4

Reference
12
2
13
2
14
15
16

Importance; P = present, importance unknown, U = present but not economically
damaging, D = economically damaging, (D) occasionally economically damaging). na =
not applicable, as form indicated is not cultivated in this area.
~

1. Brornand (1990), 2. Barnes (1949), 3. Lerenius (1993)4. Djurle (1982)5. Gustafsson
(1993) 6. Berg & Gustafsson (1992) 7. Hansen (1993) 8. Anon (1996) 9. Piekarczyka
(1994) 10. MUhlow & Sylvén (1953) 11- (Shurovenkov, 1984) 12., Pi1n' (1972a) 13.
Berger (1991) 14. Albertini et al., 1988 15. Maceljski ci at., 1980 16. Lahiner ci at.
(1992)
In addition to these broad descriptions of D. hrassicae's relative importance,
published abundance data recorded at different locations are also available. However,
as discussed in Chapter 4, it is difficult to achieve meaningful inter-study comparison
from such data. The study-specific abundance influencing factors which were
discussed in relation to C. ass/mills are also pertinent when considering the abundance
of D. brassicae; i.e. non-climatic variation may be introduced by disparate assessment
techniques and environmental conditions at the time of sampling. Differences in host
availability, both temporal and spatial, may also influence reports of abundance.
D. brassicae populations are reported to be larger where winter and spring rape are
grown together, allowing more generations of the midge to be supported by the
combined crop: such scenarios have been reported from; Sweden (Nillson,

1975),

Denmark (Hansen, 1993) France (Ballanger, pers. Comm.; Lerin, pers. comm.) and
Germany (Ulber, pers. comm.). In addition, as the midge overwinters at sites close to
the previous years rape crop, and is a weak flier, it is also more likely to be found at
higher population densities in areas where rape is intensively grown and their is a
history of rape cultivation (Schutte, 1976). The parasite load of the species may also
influence abundance differentially throughout the midge's range. Over 30 species of
parasitoid have been reported from D. brass/cue (Williams & Walton, 1990) and
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parasitism rates vary with the developmental stage of the host, and between countries
and studies. Predation of larvae and emerging adults in the soil by polyphagous
arthropod predators is also reported (Basedow,

973; Axelsen, 1992a)

In addition to these possible abundance influencing factors, D. hrassicae levels are
infrequently reported in the literature, and the majority of studies which are available
are of less than three years duration, and therefore do not take annual variation into
account. Inter-study comparison would be further complicated by both the multivoltine nature of the species and its localised distribution, both of which would
contribute additional variation to the data.

In conclusion, variation amongst reports of abundance is likely to be influenced by a
number of factors and, in view of this, and of the paucity of data available, the broadscale reports of whether or not the species is economically damaging within a country
are more useful in this context.

5.3) Integration of infonnation and experimentation required
The reported distribution and relative abundance of D. brassicue (Figure 5. 1) could
be described by a simple thermal model, i.e. climatically imposed upper and lower
limits in Scandinavia and African respectively, and a core of distribution, representing
the thermal optimal, in northern Europe.

However, as discussed in Chapter 4, the possibility of confounding variables
influencing the pattern of D. brass/cue abundance cannot be dismissed; i.e. the
majority of Europe's oilseed rape cultivation takes place in northern mainland Europe,
and this region also has the longest tradition of oilseed cultivation. It may therefore be
expected that such areas would support greater pest populations. In addition, the crop
favoured for cultivation in northern mainland Europe is predominately winter rape
which is known to be more heavily infested than the spring varieties favoured in the
far north and south of the species' distribution (Figure 5. 1, overleaf).

Recorded distribution & relative importance of D. hrassicae
* Economically important
Occaisionallv economical! ,.: important
Present but economically ummportant
* Present - importance unknown

/4

Area of rape cultivated in 1996 (1.000 Ha)
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I _> 500
100 to 500

1 50 t0 100
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111111 mainly Nvinter 8
mainly spring (>80%)

-
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Composition
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/

Figure 5.1 Oilseed rape production and relative importance of D. hrassicae in
selected European countries

Because of the inherent uncertainty involved when attempting to deduce the
composition and relative importance of the factors determining the range and
abundance of D. hrwsicae, further evidence is needed to enable description of the
species' climatic response.

D. brasicae's response to temperature has been infrequently investigated aside from
calculation of developmental thresholds and accumulation requirements. Therefore,
the development and duration of all stages of D. brassicae must be investigated over a
range of temperature regimes representing those found in the current distribution. In
addition, no experimental work concerning D. hrassicae's response to rainfall and
resultant soil moisture has been undertaken, and this must also be comprehensively
investigated before parameter values can be assigned.
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5.4) Temperature experiments
5.4. 1) Introduction
As discussed in Chapter 4, differences in the response of insects to fluctuating and
constant temperature regimes have been noted in numerous insect species and, in the
current context, experimentation implementing fluctuating temperature regimes
represents the best approximation of estimating a poikilothermic species' climatic
response in a natural environment. Therefore, the five fluctuating thermal regimes
implemented in Chapter 4 will also be used in relation to D. bmssicue (for an
explanation of the rationale behind the regimes, and their method of calculation, refer
to Chapter 4, section 4.4.2). In summary, each regime represents mid-summer
temperatures within one of five latitudinal bands encompassing D. hrassicae's
European distribution. The regimes are as follows.

I) Maximum 15 °C, minimum 5 °C - corresponds with mean June and August
temperatures from 26 European locations situated at latitudes greater than 60 °N,
namely locations in Finland, northern Norway and northern Sweden. Mean June and
August maximum and minimum temperatures in these locations are 15.5 (± 0.7) and
6.9

(± 0.5) °C and 17 (± 0.6) and 9.2 (± 0.5) °C respectively. This is slightly lower

than the maximum temperatures of 18.9 (± 0.8) and 10.2 (± 0.6) °C shown in July.
This regime therefore represents mid-summer conditions cooler than those found
within the midge's current range.

Maximum 20 'C, minimum 10 ° C - represents locations between 50 and 60 °N in
northern Europe. This geographical band encompasses the UK, southern Norway and
Sweden, Belgium, Holland, Denmark, Poland, northern Germany, Belarus, Lithuania,
Latvia, Estonia and northern Ukraine. The mean maximum annual temperature in the
159 representative locations is 20

(± 0.2) T and the minimum 11.8 (± 0.1) T.

Maximum 25"C. minimum 15°C - represents temperatures in locations between 40
and 50 °N. This encompasses northern Portugal and Spain, France, Switzerland,
southern Germany, Italy, Austria, the former Czechoslovakia, the former Yugoslavia,
Hungary, Romania, Albania, Macedonia, Bulgaria, Moldovia and southern Ukraine.
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The mean annual maximum in the 123 representative locations is 26 (± 0.4) °C and
the minimum 15.1 (± 0.3) T.

Maximum 30°C, minimum 20 °C - represents European locations below 40 "N, i.e.
Southern Spain, Italy and Greece. The mean annual maximum in the 78 representative
locations is 30.3 (± 0.4) °C and the minimum 19.9 (± 0.3) °C.

Maximum 35T, minimum 25 °C - represents the highest midsummer temperatures
which are currently encountered in the midge's range. This regime corresponds with
mid-summer temperatures in Morocco and Algeria in north Africa. The mean July
maximum in the 36 representative locations in these countries is 35 (± 1. 1) "C and the
minimum 21.5 (± 0.7) T.

Both the mortality and duration of each developmental stage was investigated under
each temperature regime. All regimes were maintained in a growth cabinet at a 12:12
thermoperiod and a 16:8 photoperiod, at a constant relative humidity (RH) of 70%.
The fluctuating temperature regimes will be referred to by their mean value
throughout the experimental sections.

5.4.2) Materials and methods
Statistical analysis
All statistical procedures were carried out in Minitab for Windows (Version 11. 1),
with the exception of the regression analysis, for which SYSTAT for Windows
(Version 5.02) was used. Prior to analysis all data was tested for normality using a
Ryan-Joiner test. All data was normally distributed (P>0.05). Experimental data was
analysed using a one-way analysis of variance (ANOVA). When significant differences
were displayed between treatments, a Tukey pairwise multiple comparison test was
employed to investigate which experimental regimes were significantly different from
one another. The data were investigated using regression analysis, and were fitted to a
straight line using linear regression.

MR

Plant material and pupation substrates
All plant material used during these experiments was glasshouse grown, with
additional lighting (18 hours light 6 hours dark), and without the use of pesticides.
Spring rape (varieties Comet and Galaxy) was used to avoid the need for
vernalisation. The soil used as a pupation substrate is John Innes, No. 2 compost,
made from sterilised loam, Clydeside Trading Society Ltd, 80 Vere Road,
Kirkmuirhi!l, Lanark.

Calculation and maintenance of soil moisture regimes
Soil moisture content was determined and maintained as described in Chapter 4
(section 4.5.2)

A) Adult Lifespan
Large numbers of oilseed rape pods displaying signs of D. hrassicae infestation
(premature yellowing of the pericarp, localised purple coloration, radial swelling)
were collected from local winter rape crops. The pods were placed in large gravel
trays (60 x 30 x 10 cm) which had been lined with several layers of dampened filter
paper. The filter paper provided layers of damp substrate between which the final
instar larvae burrowed upon emergence from the pods. Larvae were collected twice
daily (9 am. and p.m. ± 1 hour), using a fine paintbrush, and placed in large plastic
pots (height 20 cm, diameter 10 cm) containing 25 g of soil maintained at a moisture
regime of 70 % saturation capacity. The pots were maintained at constant 22 °C with
a light:dark photoperiod of 16:8 hours and at ambient Ri-I, until adult emergence. All
emergent adults were removed, using a pooter, at 9 am. and discarded. Newly
emergent adults were collected at 11 am., therefore no adult was more than 2 hours
old when experimentation commenced.

Adults were placed, individually, in mesh-topped plastic tubes (height 10 cm, diameter
3 cm). Forty replicates were maintained at each of the five temperature regimes. All
replicates were placed in the growth cabinets at the start of the higher of the two 12
hour thermoperiods. Adult mortality was recorded hourly during the day and 2 hourly
during the night. Longevity was recorded as the period from the commencement of
experimentation to the monitoring visit at which mortality was observed.

B) Oviposition
Adults were reared from larvae as detailed in the previous section. The adults were
removed from the emergence chamber 12 hours after the previous collection,
therefore adults were no more than 12 hours old at the commencement of
experimentation. D. h,wsicae mates upon emergence (Sylvén, 1949; Bull], 1960) and
mating was observed in the emergence chamber.

Four replicates were conducted at each of the five temperature regimes, each replicate
comprised of two to three racemes which cumulatively bore 50 pods. The racemes
were selectively pruned so that all pods were between 20 to 40 mm, as this is the
preferred size range for D. hrassicae oviposition (Coutin & Riom, 1970). The pods
were pierced with a 0.41 mm insect pin to allow oviposition access. Pin sizes of
between 0.3 and 0.52 mm have been successfully used to provide D. hiaicae
oviposition sites (Allman, 1987; Ferguson el at., 1995). Each pod was pierced three
times, once at each end and once in the middle of the pod. The pin holes were created
24 hours before the experiments commenced as Allman (1987) reports that fresh pin
holes receive fewer D. brassicue eggs than I day old holes.

The vegetation was held in small water-filled conical flasks (height 15 cm, base
diameter 7 cm), the neck of which were wrapped in clingfilm to prevent the insects
drowning, and each replicate was housed in a clear perspex cylinder with an
aluminium base and a fine mesh top (height 45 cm, diameter 18 cm, volume 0. 11 m).
Between 10 and 20 adults were introduced into each cylinder.

After 2 hours, the mesh top of the cylinder was covered and ether-soaked cotton wool
was introduced to kill any remaining adults. The duration of the experiment was
chosen to reflect the mean lifespan of adult D. brassicac at the highest of the five
temperature regimes (1.95 hours (± 0.15), refer to results section). Because of the
brevity of D. brass/cue longevity, the experiments were conducted at the higher of the
two temperatures from each fluctuating regime, i.e. 15, 20, 25, 30 and 35 T.

The midges were sexed and the pods were dissected under magnification (x12)
D. brass/cue lays eggs in clusters (Sylvén. 1949), therefore both the number of egg
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clusters and individual eggs were recorded. The results are expressed as the number
of eggs and egg clusters per female

Egg mortality and duration of development
Adults were reared from larvae as detailed in the adult lifespan section. Several
hundred newly emerged adults were placed in a clear perspex cylinder with an
aluminium base and a fine mesh top (height 45 cm, diameter 18 cm, volume 0.11 rn').
The cylinder contained pod-bearing racemes which had been selectively pruned so
that all pods were between 20 to 40 mm. Each of the pods had been pierced twice
with an 0.41 mm insect pin, 24 hours before the introduction of the insects.

The rationale behind this methodology was to provide fewer oviposition sites than
females present, and therefore receive close to 100 % pod infestation. This theory was
tested by the dissection of 150 pods under x 40 magnification. Of these, 139 (92.7 %)
were found to contain at least one egg.

Twenty five replicates, each consisting of an infested raceme, bearing ten pods, in a
water-filled flask were maintained at each temperature regime. The pods from two
replicates were dissected daily (x12 magnification) and the developmental stage of the
insects recorded. On the first day that solely larvae were recorded during dissection,
egg development was assumed to have been completed and 10 of the remaining
replicates were randomly selected for dissection. Egg mortality was recorded as the
number of pods from each replicate in which no larvae were found on the final
dissection date.

Larval mortality and duration of development
The methods for obtaining infested pods are as those outlined in the previous section.
However, after oviposition the pods were kept at constant 22 4 C, 16:8 light.- dark and
ambient RH for 4 days to allow completion of egg development before moving to the
experimental regimes (100 % completion of egg development was recorded to take
3 days at fluctuating regime with a mean temperature of 25 °C and 4 days at a mean
of 20 °C, refer to egg development results section).
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Five replicates were maintained at each regime, each replicate consisted of a raceme
bearing 10 infested pods. The racemes were placed in water-filled flasks over
individual small gravel trays (30 x 15 x 5 cm). Larval development was regarded as
complete when larvae left the pods, and larval presence in the gravel trays was
checked twice daily. The duration of larval development was also recorded. One week
after the last emergence from each regime the pods were dissected and their contents
investigated.

E) Pupal mortality and duration of development
Large numbers of oilseed rape pods displaying signs of D. brassicae infestation were
collected from local winter crops in early June. The pods were placed in large gravel
trays (60 x 30 x 10 cm) which had been lined with several layers of dampened filter
paper between which the final instar larvae burrowed upon emergence. Larvae were
collected two to three times daily.

Each replicate consisted of 50 larvae, which were placed in plastic pots (height 10 cm,
top diameter 6 cm) containing 5 g of soil. The soil was around 5 cm deep, both Piln'
(1972a) and Czajkowska (1978) found that 94 % of D. brass/cue cocoons are
distributed within 5 cm of the soil surface. The soil was maintained at 70 % soil
moisture capacity throughout the duration of the experiment. The top of each pot was
covered with fine mesh held in place with an elastic band.
Four replicates were maintained at each temperature regime. The experiments were
monitored twice daily (9 am. and p.m. ± I hour) and adults were removed as they
emerged from pupation. Four weeks after the last recorded adult emergence the soil
was removed from each individual replicate and was placed in a 1 mm mesh
laboratory sieve over another, 355[tin mesh, sieve. The soil was washed through the
sieves and the filtrate retained by the 355 im sieve was placed in a filter paper-lined
funnel. Water was added to the filtrate and the cocoons were removed with fine
forceps as they floated to the surface. The cocoon extraction was a repetitive process,
with repeated agitation of the filtrate. When no more cocoons were retrieved the
water was allowed to drain out and the filter paper was removed. The remaining
filtrate adhering to the sides of the paper was examined under magnification (x 12)

and any further cocoons present were removed. The contents of the cocoons retrieved
were then investigated under magnification (x 40).

5.4.3) Results and discussion
A) Adult Lifespan
Adult longevity was found to be significantly influenced by temperature regime (Table
5.2).
Table 5.2 One-way ANOVA summary table of adult longevity amongst
temperature regimes
DF
Temperature 4
Error
195
Total
195

SS
50872.5
10991.5
61864.0

MS
12718.1
56.4

F
225.63

P<
0.001

Adult lifespan was inversely related to temperature, and ranged from 2 (± 0.16) to
46.2 (± 1.74) hours. Regression analysis indicates that the relationship between adult
lifespan and temperature was linear with a negative slope (r 2 value 0.81 - ANOVA
F-value 862.2; DF=l,] 99; P<0.001). Longevity at each regime was significantly
different from that recorded at all others (P<0.01) (Figure 5.2).
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Figure 5.2 D. hrassicae adult lifespan in relation to temperature. Error bars
display the standard error of the mean. Columns bearing different letters are
significantly different from one another (P<0.05).

The inverse relationship between adult D. hrassicae lifespan and temperature has also
been noted by Afford, Cooper & Williams (1991), who reported greater longevity at
10 C than at 18°C.

The recorded mean lifespans were brief, and did not exceed 48 hours at any of the
thermal regimes. 1). hrassicae adults are known to be short-lived. The adults do not
feed, and lifespan has been reported to be between 1 to 3 days in the field (Sylvén,
1949; Ankersmit, 1956; Czajkowska, 1978). However, Alford ci al. (1991) reported
laboratory lifespans of 4.7 and 7.3 days for male and female midges respectively, the
temperature at which these data were recorded was not reported.

The differential effect of temperature upon the sexes was not investigated in this
study. However, it is clear that, at all regimes, lifespan was very much shorter in these
experiments than reported in Alford el al. (1991). It is likely that the mean lifespans
recorded herein were artificially reduced by the experimental conditions. Alford et al.
(1991) found that lifespan was increased when access to water was afforded, and
water was not available to the insects in this study. Another possible factor influencing
lifespan reduction is that the experimental regime denied the insect the opportunity to
avoid exposure to unfavourable thermal conditions by behavioural thermo-regulation,
i.e. the seeking of more favourable micro-climates. Alford etal. (1991) reported that
86 % of emergence from pupation occurred between 3 and 7 a.m., and that migration
to winter rape Sites for oviposition predominately occurred between 8 and 10 am.
This timing of activity to coincide with the cooler part of the day may be related to
behavioural thenno-regulation.

The nature of the fluctuating regimes, i.e. two 12 hour fixed-temperature periods, may
also have adversely affected D. brussi cue's adult lifespan. Whilst the artificiality of the
construction of the fluctuating regime may be of comparatively little importance in
robust, relatively long-lived univoltine species such as C. ass/mi/is, in a short-lived
multi-voltine organism the deviation from the natural sine-curve thermal environment,
imposing mid-day temperature equivalents for 12 hour periods, is likely to be of
greater consequence. In conclusion, the experimental methodology adopted may
influence adult lifespan to such an extent that the results of this experiment are of

limited applicability, other than to illustrate that adult lifespan is inversely related to
temperature.

) Oviposition
Significant differences were displayed, between both the mean number of eggs and
egg clusters laid per female (P<0.05), amongst the temperature regimes (Tables 5.3
and 5.4).

Table 5.3 One-way ANOVA summary table of the number of egg clusters
laid per female amongst the temperature regimes

Temperature
Error
Total

DF
4
15
19

SS
0.7347
0.6028
1.3375

MS
0.1837
0.0402

F
4.57

P
0.013

Table 5.4 One-way ANOVA summary table of the number of individual eggs
laid per female amongst the temperature regimes

Temperature
Error
Total

DF
4
15
19

SS
6.781
6.229
13.010

MS
1.695
0.415

F
4.08

P
0.020

The pattern of the effect of temperature upon both the number of egg clusters and the
number of individual eggs laid per female was very similar. In both cases, significantly
fewer eggs were laid at 35 'C than at 15 and 25 'C regimes (P<0.05). There were no
significant differences in oviposition between either 15, 20, 25 and 30 °C regimes or
20, 30 and 35 °C regimes (P>0.05). No oviposition was recorded at 35 °C (Figure
5.3). Regression analysis indicates that for both the number of eggs laid and the
number of egg clusters per female a negative linear relationship was found (r 2 value
0.36; ANOVA F-value 10.1; DFI,19; P<0.01 and r 2 value 0.31; ANOVA F-value
8.2; DF1,19; P<0.05 for the number of eggs laid per female and the number of egg
clusters respectively).
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Figure 5.3 D. hra.s'sicac oviposition in relation to temperature. Error bars
display the standard error of the mean. Columns bearing different letters are
significantly different frorn one another (P<0.05).
Oviposition was not recorded at 35 T. As noted in the previous section, mean adult
lifespan at this temperature was recorded to be only 1.95 (± 0.2) hours. It is therefore
probable that the lack of oviposition under this regime is related to the adult's inability
to tolerate such temperatures, rather than temperature directly influencing oviposition
behaviour.

Although, at the lower thermal regimes there was a great deal of intra-regime
variation (Figure 5.3), and no significant difference was recorded between regimes
(P>0.05) a decline in oviposition with increasing temperature was noted and
confirmed by the regression analysis. It is likely that the total number of eggs laid per
female will be reduced at higher temperatures corresponding with the reduction in
lifespan of the adult, as reported in the previous section. However, for the reasons
discussed earlier, the nature of the experimentation is likely to have magnified the
adverse affects of the high temperature regimes.

C) Egg mortality and duration of development
Egg mortality, defined as the % pods in which egg development was not completed
i.e. no larvae were present on the last sampling date, was significantly affected by
temperature regime (Table 5.5).
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Table 5.5 One-way ANOVA summaiy table of egg mortality amongst
temperature regimes
DF
Temperature 4
45
Error
49
Total

SS
551.08
79.90
630.98

MS
137.77
1.78

F -- 77.59

P<
0.001

Egg mortality was significantly lower in those regimes maintained at 10, 15 and 20 °C
than at 25 and 30 ° C (P<0.0 1). There was no significant difference in mortality rate
between the 10, 15 and 20 °C treatments. No completion of egg development was
recorded at 30 ° C, and mortality at this regime was significantly higher than at all
other regimes (P<0.0l) (Figure 5.4). in addition, there was a significant positive linear
relationship between the level of egg mortality observed and the temperature regime
(r2 value 0.73; ANOVA; F-value 127; DF= 1,49; P<0.001).

The duration of egg development was inversely related to temperature (Figure 5.4).
However, the measurement of duration was not exact, i.e. duration was recorded as
the first day on which solely larvae were found in the daily dissection of two
replicates. Therefore no statistical analysis was applied.
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Figure 5.4 D. hrassicae egg mortality and duration of egg development in
relation to temperature. Error bars display the standard error of the mean.
Columns bearing different letters are significantly different (P<0.05).
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Egg mortality levels were low at the lower three thermal regimes (Li (± 5.3), 15

(±.3.7) and 22 (+ 4.4) % at 10, 15 and 20 °C respectively), rising to 51 (± 5.3) % at
the 25 ° C regime. No completion of egg development was recorded at the 30 °C
regime. Although live eggs were present within pods on the first day after oviposition
at the 30 °C regime, signs of egg desiccation were apparent by the second day. On the
fourth day all eggs were desiccated and dissection of a further 10 replicates yielded
neither live eggs nor larvae. Some desiccation of eggs was also observed at the 25 °C
regime.

These experiments indicate that D. brassiccie egg development is adversely affected
by high temperatures, and that the upper limit for egg persistence lies between the
regimes with means of 25 and 30 T.

The duration of egg development was found to be inversely related to temperature.
with 100 % completion of egg development recorded at 3, 4. 5 and 7 days at 25, 20.
15 and 10 °C respectively. Duration was similar to that reported elsewhere. Both
Czajkowska (1978) and Sylvén (1949) reported egg development times of 3 to 4 days
in Poland and Sweden respectively. Axelsen (1992b) reported that completion of egg
development required an accumulation of 39 'DD above a threshold of 6.7 T.
Reasonable correspondence is gained between predicted and recorded lifespans (Table
5.6), especially at the higher temperature regimes.

Table 5.6 Comparison of recorded D. brassicue egg development duration
with that predicted by Axelsen's (1 992b) formula for development
Mean
Temperature ( °C)
10
15
20
25

Recorded Duration
(days)
7
5
4
3

Predicted Duration
(days)
11.8
4.7
2.9
2.1

IC

I 'j

D) Larval mortality and duration of development
Significant variation in larval mortality amongst treatments was displayed (Table 5.7)-

Table 5.7 One-way ANOVA summary table of larval mortality amongst
temperature regimes
IDF
Temperature 4
20
Error
24
Total

MS
57.14
1.26

SS
228.56
25.20
253.76

F
45.35

0.001

Larval mortality was significantly lower in those regimes maintained at 10, 15 and 20
"C than at 25 and 30 "C (P<0,01). There was no difference in mortality rate between
the 10, 15 and 20 "C treatments. At 30 "C, no completion of larval development was
recorded and mortality was significantly higher than at all other regimes (P<0.01)
(Figure 5.5). The effect of temperature on larval mortality was found to be linear (r 2
value 0.71; ANOVA F-value 56.7; DF= 1,24 P<0.001).
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Figure 5.5 D. hrassicae larval mortality in relation to temperature. Error bars
display the standard error of the mean. Columns bearing different letters are
significantly different from one another (P<0.05).
No live larvae were found on dissection of the pods two weeks after the last adult
emergence. Some dead larvae were found but these were desiccated and difficult to
distinguish from their surroundings.
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The pattern of larval mortality was very similar to that displayed by the egg stage.
Mortality levels were low at the lower three thermal regimes (24 (± 5.1), 22 (± 4.9)
and 26 (± 5.1) % at 10, 15 and 20 °C regimes respectively), rising to 60 (± 7.1) % at
25 °C and 100 % at 30 T. The data suggest that the upper limit for larval persistence
is exceeded by the 30 °C regime.

In addition to mortality, there was also found to be significant variation in the
duration of larval development amongst treatments (Table 5.8).
Table 5.8 One-way ANOVA summary table of duration of larval
development amongst temperature regimes
SS
80.066
5.568
85.634

IDF
Temperature 3
16
Error
19 Total

MS
26.689
0.348

F
76.69

0.001
---

The duration of larval development recorded at each thermal regime was found to be
different from those at all other regimes (P<0.0l, with the exception of 20 and 25 °C
where P<0.05) (Figure 5.6). A statistically significant negative linear relationship was
found to exist between the duration of larval development and the temperature regime
applied (r2 value 0.92; ANOVA F-value 210; DF= 1,19 P<0.00 I).
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Figure 5.6 Duration of J).hrassicae larval development iii relation to
temperature. Error bars display the standard error of the mean. Columns
bearing different letters are significantly different from one another (P<0.05).
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The duration of larval development was found to be inversely related to temperature:
100 % completion of larval development took 15.7 (± 0.2), 13.5 (± 0.2), 11.6 (± 0.4)
and 10.4 (± 0.1) at 10, 15, 20 and 25 °C respectively. Larval development duration
was similar to that reported elsewhere; development has been observed to take 7 to
10 days in Poland (Czajkowska, 1978), 11 to 15 days in Sweden (Sylvén, 1949), 14
to 15 days in Germany (Fröhlich, 1956) and 10 to 16 days in Czechoslovakia (Piln,
1972a).

Axelsen (1992b) has also calculated thermal thresholds and accumulation
requirements for D. brassicue larvae (Table 5.9). However, unlike the egg
development data, there is poor correspondence between predicted and recorded
development duration. Especially at the highest and lowest regimes, at which the
predicted duration is under and over estimated by 100 % respectively. As discussed in
Chapter 4, it is difficult to directly compare developmental thresholds and
accumulation requirements calculated from constant temperature regimes with those
recorded at fluctuating temperatures.

Table 5.9 Comparison of recorded D. brassicae larval development duration
with that predicted by Axelsen's (1992b) formula for development threshold
6.7 °C, accumulation 97 'DD.
Mean
Temperature (°C)
10
15
20
25

Recorded Duration
(days)
15.7(±0.2)
l3.5(±0.2)
11.6(±0.4)
10.4 (± 0.1)

Predicted Duration
(days)
29.4
11.7
7.3
5.3

E) Pupal mortality and duration of development
Not all D. brass/cue larvae undergo pupation immediately, an increasing proportion of
each generation enter diapause throughout the season. Diapause occurs in the larval
stage: larvae persist within cocoons and pupate upon completion of diapause in the
spring. Therefore, adult emergence, diapause initiation and mortality were all
investigated in relation to temperature.
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There was found to be significant variation in adult emergence amongst treatments
(Table 5.10).
Table 5.10 One-way ANOVA summary table of adult emergence amongst
temperature regimes

IDF
Temperature 4
Error
15
19
Total

SS

MS

F

P<

3072.5
283.5
3356.0

768.1
18.9

40.64

0.001

Significantly more adult emergence was recorded from larvae maintained at 10 and
15 UC than at all other regimes (P<0.01). There was no significant difference in
emergence between either the 10 and 15 °C regimes or the 20, 25 and 30 °C regimes
(P>0.05). No adult emergence occurred at the 30 °C regime (Figure 5.7). A
significant negative linear relationship was found to exist between adult emergence
and the temperature regime employed (r 2 value 0.73; ANOVA F-value 48.6; DF=
1 1 19 P<0.001).
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Figure 5.7 D. hrassicae adult emergence in relation to temperature. Error
bars display the standard error of the mean. Columns bearing different letters
are significantly different from one another (P<0.05).
The number of larvae not developing into pupae, but remaining as diapausing larvae
within cocoons was also found to be significantly different amongst regimes (Table
5.11).
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Table 5. 11 One-way ANOVA summary table of diapause initiation amongst
temperature regimes

IDF
Temperature 4
15
Error
19
Total

SS
40.30
20.50
60.80

MS
10.08
1.37

F
7.37

P
0.002

Diapause initiation was significantly higher at 25 ° C than at all other regimes,
excepting 20 "C (10 and 30 "C, P<0.01, 15 "C, P<0.05, 20 C, P>0.05). Diapause
initiation was greater at 20 °C than 30 ° C (P<0.05). There were no significant
differences between 10, 15 and 20 °C, nor 10, 15 and 30 °C (P<0.05). No diapausing
larvae were found at the 30 °C regime (Figure 5.8).
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Figure 5.8 1). hmssiccie diapause initiation in ielatioii to temperature. Error
bars display the standard error of the mean. Columns bearing different letters
are significantly different from one another (P<0.05).
Finally, overall mortality (i.e. larvae neither completing pupation nor entering
diapause) was also found to be significantly different amongst temperature regimes
(Table 5.12).
Table 5.12 One-way ANOVA summary table of mortality amongst
temperature regimes
DF
Temperature 4
Error
15
Total
19

SS
2854.8
240.0
3094.8

MS
713.7
16.0

F
44.61

P<
0.001
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Significantly lower mortality was recorded at those regimes maintained at 10 and 15
C than at all other regimes (P<0.0 I). There was no significant difference in mortality
between either the 10 and 15 ° C regimes or the 20, 25 and 30 °C regimes (P>0.05).
Mortality was 100 % at the 30 ° C regime (Figure 5.9). A significant positive linear
relationship between percentage mortality and the temperature regime was found (r 2
value 0.76; ANOVA F-value 55.9; DF= 1,19 P<0.001).
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Figure 5.9 D. hras,rwcw mortality in relation to temperature. Error bars
display the standard error of the mean. Columns bearing different letters are
significantly different from one another (P<0.05).
In summary, adult emergence is greatest at the lowest two temperature regimes (53
(± 3.9) and 59 (± 8.2) % at 10 and 15 "C respectively) and decreases sharply at the 20
and 25 ° C regimes (9.5 (± 2.9) and 8.5 (± 2.1) % respectively). No emergence was
recorded at 30 T.

In contrast, diapause initiation increased with temperature over the first four regimes
(I (± 0.6), 2 (± 0.8), 5.5 (± 1.3) and 7.5 (-i- 2.1) % at 10, 15, 20 and 25 "C
respectively). No diapausing larvae were found in regimes maintained at 30 T. It is
known that differential diapause initiation rates occur between generations of
D. hrass/aie. An increasing percentage of individuals enter diapause at the end of
each generation. Pi1n' (1972b) found that 28, 72, 90 and 95 % of larvae entered
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diapause instead of completing pupation at the end of the first, second, third and
fourth generations respectively. This finding is corroborated by Czajkowska (1978)
who reported that diapause initiation rose from 20 to 90 % between the first and
fourth generation. The larvae used in this experiment were first generation larvae,
collected in early June. The percentage of larvae entering diapause in this study,
although increasing with temperature, was much lower than 20 %. The factors
influencing D. brassicae diapause induction have recently been investigated by
Axelsen, Fink & Kjaer (1997). They found that global solar radiation displayed the
strongest correlation with observed relative diapause initiation. Axelsen el al. (1997)
hypothesise that temperature and light function together to initiate diapause induction.
Therefore, the rearing of the larvae under laboratory conditions may explain the lack
of correspondence between the observed percentage of larvae entering diapause in the
literature and that recorded in this experiment.

Despite the positive relationship displayed between diapause initiation and
temperature, the low magnitude of this increase determines that the statistical
relationship between mortality and temperature mirrors the trend indicated by adult
emergence. Overall mortality is lowest at the 10 and 15 °C regimes (46 (± 3.7) and 39
(± 7.8) % respectively), increases greatly at the 20 and 25 °C regimes (85 (± 1.9) and
84 (I 1.4) % respectively) and is 100 % at the 30 °C regime. These results therefore
suggest that the upper thermal optimal lies between the 15 and 20 "C regimes and the
upper developmental limit is located between the 25 and 30 "C regimes.
1.71

In addition to mortality, the duration of pupal development in relation to temperature
was also investigated. There were found to be significant inter-regime variation in
developmental duration (Table 5.1 3 ).

Table 5.13 One-way ANOVA summary table of duration of pupal
development amongst temperature regimes
DF
Temperature 3
Error
12
Total
15

SS
1032.70
20.54
1053.24

MS
344.2'1
1.71

F
201.11

0.001
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Duration of pupation was significantly longer at 10 T and significantly shorter at 25
°C than at all other regimes (P<0.01). There was no difference in pupal duration
between regimes of 15 and 20 °C (P>0.05) (Figure 5.10).
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Figure 5.10 Duration of I). brass/cue pupal development in relation to
temperature. Error bars show the standard error of the mean. Columns
bearing different letters are significantly different from one another (P<0.05).
Duration of pupal development showed a linear inverse relationship with temperature
(r2 value 0.88; ANOVA F-value 100.7; DF= 1,16 P<0.001). In these experiments
pupation was found to take 31.1 (± 0.6), 17.4 (+ 0.4), 14.7 (± 0.5) and 9.3 (± 1.0)
days at regimes of 10, 15, 20 and 25 "C respectively. These recorded durations are
similar to those observed in the field. Williams el al. (1987a) recorded pupal duration
to be between 11 to 13 days in 1984, and between 21 to 23 days in 1985, when soil
temperatures were recorded to be unseasonably low. Development times of 5 to 15
days have been recorded in Germany, 13 to 17 in Czechoslovakia, 8 to 14 in Poland
and 13 to 33 in Sweden (Fröhlich, 1956; Piln, 1972b; Czajkowska, 1978; Sylvén,
1949).

5.4.4) Summary
In summary, all stages of D. brassicae's life cycle displayed a positive relationship
between mortality and temperature, and no developmental stage was completed at the
highest temperature regime (fluctuating 25/35 ° C, mean 30 °C).
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Adult longevity showed a clear inverse linear relationship with temperature. Therefore
exposure to high temperatures is likely to have a detrimental effect upon the species'
reproductive potential as no temperature response was displayed by oviposition rate.
However, behavioural thermo-regulation mechanisms may reduce the deleterious
effects of high mid-day temperatures.

Both egg and larval mortality displayed identical patterns of thermal response. Low
mortality rates were displayed at 10, 15 and 20 °C, mortality was significantly greater
at 25 °C and 100 % at 30 °C. In contrast, pupal mortality was minimal at the 10 and
15 °C regimes, and was significantly greater at 20, 25 and 30 T. Again, 100 %
mortality was displayed at the 30'C regime. In all developmental stages the duration
of development displayed an inverse relationship with temperature.

Without field data concerning mortality rates it is not possible to investigate whether
these data are representative of field populations. However, it is possible to
investigate whether the data is representative of relative phenology by comparing
phenological reports in the literature with the thermal response predicted by the
experimental data in conjunction with mean meteorological data for that country.

For example, in the UK, assuming a flight threshold of 14.5 °C (refer to section 5.7.3
for explanation of threshold adoption) first invasion of the crop would occur in the
third week of May. This corresponds with observations by Free & Williams (1979a),
Attah & Lawton (1984), Williams el al. (1987a) and Alford et ul. (1991), all of whom
reported first crop invasion in mid to late May. In addition, the first trap catch in the
monitoring carried out in the Scottish Borders in 1996 (Chapter 2) also occurred in
mid-May. Oviposition, and egg development, would then occur in late May. Mean
May UK temperatures are maximum 15.2 ° C, minimum 6.9 ° C and mean 11.1 T. At
the nearest corresponding experimental regime (fluctuating 15/5 °C, mean 10 °C) 100
% completion of egg development took between 6 and 7 days. Therefore larval
development would be predicted to commence in the first week of June. Mean June
temperatures are; maximum 1 8. 1 ° C, minimum 9.9 C and mean 14.0 T. At the
nearest corresponding experimental regime (fluctuating 20/10 °C, mean 15 ° C) mean
larval development completion was recorded as 13.5 days, and therefore larvae would
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be predicted to start leaving the pods to pupate in the soil from mid-June onwards.
Both Williams ci al. (1987a) and Alford el al. (1991) reported that larvae dropped
from the pods from mid-June onwards in the field. Pupation would also be predicted
to take place in mid-June, and the experimentation suggests that pupal development
would take a mean of 17.4 days under the mean climatic conditions at this time.
Therefore the emergence of the second generation would be predicted to occur from
early July. This predicted timing of second generation emergence coincides with
literature reports, of emergence of second generation adults during early to mid-July
(Free & Williams, 1979a; Williams el al., 1987a; Alford c/al., 1991).

After the first generation it is more difficult to compare predicted and observed
reports of D. brassicae phenology. The nudge has a prolonged emergence period,
emergence from the overwintering site has been recorded 39to 49 days by Williams el
at. (I 987a), 29 to 4') days by Sylvén (1949), 20 to 30 days by Coutin & Riom (1970)
and two to 4 weeks by Czajkowska (1978). An even longer emergence period was
recorded during the monitoring carried out in the Scottish Borders during this study
(Chapter 2), when emergence and water traps at the overwintering sites recorded
adult D. brass/cac from mid-May until early July. This extended emergence period,
coupled with the fact that D. hrassicae infests both winter and spring crops, results in
the concurrent presence of all stages of the insect within crops. Therefore it is difficult
to follow the development of successive generations.

The second UK generation, which emerges in early July would be predicted to be
completed at the end of July, a third generation in late August and early September
and a fourth in late September early October. Four generations are predicted in total,
three of which would coincide with rape cultivation. Both winter and spring rape are
reported to be host to two, overlapping, generations (Free & Williams, 1979a;
Williams c/ at., 1987a; Alford el al., 1991; Current study, Chapter 2). The predicted
generation time of 4 to 6 weeks would allow two generations to be accommodated by
each of the crops, this generation time also corresponds with Alford ci al. 's (1991)
observation of 5 to 6 weeks.
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Summarised comparisons of predicted and observed phenology in other countries
from which phenological data are available are presented in Table 5. 14.
Table 5.14 Comparison of predicted and observed D. brassicce phenology in
France, Denmark and Poland

Event
First invasion of crops

Denmark
Predicted
Last week of May

Emergence of second generation
Emergence of third generation

Early July
Mid-August

Ref
1,27
3
3
3

Observed
Mid-may to early June
Late June to early July
Late July to early
August

Poland
Ref
Observed
Predicted
4,5
early to late May
First week of May
5
June to early July
mid-June
5
4 weeks
4 to 6 weeks
5
3 to 4 days
4 to 5 days
5
7 to 10 days
12 to 14 days
5
8 to 14 days
14 to 17 days
France
Ref
Observed
Predicted
Event
6
Third week of April Early April to early May
First invasion of crops
6
Late April to mid-May
Larvae dropping from plants (Fl) Mid-May
6
Early May to early July
Early June
Emergence of second generation
I. Bromand, 1980; 2. Hansen, 1993; 3. Axelsen, 1993a; 4. Skrocki, 1979a; 5. Czajkowska,
1978, 6. Coutin & Rioin, 1970

Event
First invasion of crops
Emergence of second generation
Generation development
Duration of egg development
Duration of larval development
Duration of pupal development

Overall, a good correspondence between the predicted and observed reports of
phenology was obtained.

5.5) Moisture Experiments
5.5. 1) Introduction
Although extremes of precipitation and air humidity may affect all stages of an insect,
the effects of moisture on stages other than those which are soil-dwelling are difficult
to assess. Two developmental stages of D. hrassicae are resident in the soil; pupae
and overwintering larvae. The effects of soil moisture are investigated in both stages.

The moisture re g imes used during these experiments were calculated and maintained
as described in Chapter 4 (section 4.5.2).
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5.5.2) Materials and methods
Statistical analysis
All statistical procedures were carried out in Minitab for Windows (Version HA).
Prior to analysis all data was tested for normality using a Ryan-Joiner test. All data
was normally distributed (P>0.05). Experimental data was analysed using a one-way
analysis of variance (ANOVA). When significant differences between the treatment
regimes were found a Tukey pairwise multiple comparison test was employed to
investigate which treatments were significantly different from one another.

Pupation substrates
Where soil is used as a pupation substrate it is John Innes, No. 2 compost, made from
sterilised loam, Clydeside Trading Society Ltd, 80 Vere Road, Kirkmuirhill, Lanark.
Sand is Gem horticultural sand, Gem gardening, Brookside Lane, Oswaldthistle,
Accrington.

A) Pupal mortality and duration of development
Larvae were obtained as detailed in the pupal development vs temperature section
(5.5.1, E). Identical experiments were undertaken using both soil and sand as
pupation substrates. The sand acted as a control to ensure the 'clumping' quality of
soil did not influence results.

Each replicate consisted of 50 larvae, which were placed in plastic pots (height 10 cm,
top diameter 6 cm) containing 5 g of soil or 40 g of sand. The volume of both sand
and soil was 10 cm', with a depth of around 5 cm. The top of each pot was covered
with fine mesh held in place with an elastic band.

Four replicates were carried out at each moisture regime. Twelve moisture regimes
were implemented; zero to 110 % soil moisture capacity in 10 % increments. The
experiments were maintained in a growth cabinet at constant 20 ° C, 70 % RH and a
16:8 light:dark photoperiod. Replicates were monitored twice daily (9 am. and p.m.
± 1 hour) and adults were removed as they emerged. The position of each replicate
within the growth cabinet was changed at each monitoring visit to reduce any possible
risk of variation in evaporation within the cabinet. Four weeks after the last recorded
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adult emergence the pupation substrate was washed through sieves, the remaining
cocoons retrieved and their contents investigated (method as section 5.4.1, E).

B) Overwintering mortality
Pods displaying signs of D. hrassicae infestation were collected from local spring rape
crops in mid to late August. The pods were placed in large gravel trays (60 x 30 x 10
cm) which had been lined with several layers of dampened filter paper between which
larvae burrowed upon emergence from the pods. Larvae were collected twice daily
(9 am. and p.m. ± 1 hour), and placed in large plastic pots (height 20 cm, diameter
10 cm) containing 25 g of soil maintained at a moisture regime of 70 % of saturation
capacity. The pots were maintained at constant 22 ° C with a light:dark photoperiod of
16:8 hours and at ambient RH until adult emergence. All emergent adults were
removed as they appeared. Four weeks after the final adult emergence was recorded
the remaining cocoons were washed from the soil (method as section 5.4. 1, E). The
cocoons were examined under magnification (00) and those which were empty or
damaged were discarded. Undamaged cocoons were assumed to contain diapausing
larvae.

Each replicate consisted of a pot (height 10 cm, top diameter 6 cm) containing 5g
soil, into which 50 intact cocoons were placed, 1 cm beneath the soil surface. Adults
have been reported to emerge successfully from cocoons buried to a depth of up to
20 mm by sand or loam (Alford el al., 1991). There were four replicates at each of the
12 moisture regimes (0 to 110 % of saturation capacity in 10 % increments).
Diapause was simulated by maintaining the cocoons at 5 C for 150 days, at a
photoperiod of 12:12 hours (Williams & Martin, 1986).

Diapause was broken by increasing the temperature to 23 °C, with a photoperiod of
18:6 hours (light:dark) (Williams & Martin, 1986) and all replicates were maintained
at 70 % soil moisture from this point onwards. Therefore soil moisture was constant
at all regimes during pupation. The number of emergent adults were recorded. Four
weeks after the last emergence, the remaining cocoons were washed from the soil and
their contents investigated.

206

5.5.3) Results and discussion
A) Pupal mortality and duration of development
i) Soil
Not all D. brassicae larvae undergo pupation immediately, an increasing proportion of
each generation enter diapause. Therefore mean adult emergence, diapause initiation
and mortality were all investigated in relation to soil moisture. There was found to be
significant variation in adult emergence amongst soil moisture treatments (Table
5.15).

Table 5.15 One-way ANOVA summary table of adult emergence amongst
soil moisture regimes

Soil Moisture
Error
Total

MS
822
243

SS
9042
8742
17784

DF
11
36
47

F
338

P
0.003

No adult emergence was observed at the zero and 110 % soil moisture capacity
regimes (Figure 5.11). Intra-regime variability of adult emergence was high and the
only regimes in which emergence was statistically different from the others were those
maintained at 50, 60 and 90 % soil moisture capacity which displayed statistically
more emergence than at the zero and 110 % soil moisture capacity regimes (P<0.01).
There were no differences between any of the other regimes (P>0.05).
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Figure 5.11 D. hrassicae adult emergence in relation to moisture content of
the pupation substrate. Error bars display the standard error of the mean.
Columns bearing different letters are significantly different (P<0.05).
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There was no significant inter-regime variability in diapause initiation amongst soil
moisture treatments (Table 5.16, Figure 5.12).
Table 5. 16 One-way ANOVA summary table of diapause initiation amongst
soil moisture regimes

Soil Moisture
Error
Total

DF
11
36
47

SS
66.67
298.00
366.67

MS
6.24
8.28

F
0.75

P
0.681

0

I

Soil moisture content (% saturation capacity)

Figure 5.12 1). hrassicae diapause initiation in relation to moisture content of
the pupation substrate. Error bars display the standard error of the mean.
Significant inter-regime variation in larval mortality rates amongst soil moisture
treatments was recorded (Table 5.17, Figure 5.13).
Table 5.17 One-way ANOVA summary table of mortality amongst soil
moisture regimes

Soil Moisture
Error
Total

DF
11
36
47

SS
10023
6638
16661

MS
911
184

F
4.94

P<
0.001

Mortality was 100 % at both zero and 110 % soil moisture capacity regimes.
Mortality at 50, 60, 70, 80 and 90 % saturation capacity was significantly lower than
at the 0 and 100 % regimes (P<0.01). There were no significant differences in
mortality between any of the other regimes (P>0.05) (Figure 5.13).
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Figure 5.13 D. bras.s'icae larval mortality in relation to moisture content of
the pupation substrate. Error bars display the standard error of the mean.
Columns bearing different letters are significantly different (P<0.05).
In summary, 100 % mortality occurred at both the zero and 110 % regimes. No
significant differences in adult emergence, diapause initiation or overall mortality were
displayed among the 10 to 100 % regimes.

The number of days taken to complete pupal development was also recorded during
these experiments and significant variation between soil moisture regimes were
displayed (Table 5.18).

Table 5.18 One-way ANOVA sununaiy table of duration of pupal
development amongst soil moisture regimes
DF
Soil Moisture 9
30
Error
39
Total

SS
34.95
31.45
66.40

MS
3.88
1.05

F
3.70

P
0.003

Duration of pupation was significantly longer at the 100 % soil moisture capacity
regimes than at the 20, 30, 40, 50, 60 and 70 % regimes (P<0.01). There were no
significant differences in pupal duration between any of the other regimes (P>05)
(Figure 5.14).
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Figure 5.14 Duration of pupal development in relation to moisture content of
the pupation substrate. Error bars display the standard error of the mean.
Columns bearing different letters are significantly different (P<0.05).
ii) Sand
As with the soil experiments, adult emergence, diapause entrance and mortality were
all investigated. A great deal of intra-regime variation was displayed and there was no
significant inter-regime variation of adult emergence in relation to the moisture
content of the pupation substrate (Table 5.19, Figure 5.15).

Table 5.19 One-way ANOVA summary table of adult emergence amongst
sand moisture regimes

Soil Moisture
Error
Total

IDF
11
36
47

SS
498.2
1006.8
1505.0

MS
45.3
28.0

F
1.62

P
0.135
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Figure 5.15 D. bra.rsicae adult emergence in relation to moisture content of
the pupation substrate. Error bars display the standard error of the mean.
There was also no significant difference in the number of larvae entering diapause
amongst moisture regimes (Table 5.20, Figure 5.16).

Table 5.20 One-way ANOVA summary table of diapause initiation amongst
soil moisture regimes
DF
11
36
47

Soil Moisture
Error
Total

P
0.284

F
1.26

MS
198
157

SS
2178
5642
7820
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Figure 5.16 D. hrassicae diapause initiation in relation to the moisture
content of the pupation substrate. Error bars display the standard error of the
mean.
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However, significant inter-regime variation in larval mortality was displayed amongst
moisture regimes (Table 5.21).
Table 5.21 One-way ANOVA swnmary table of mortality amongst moisture
regimes

SS

IDF
11
Soil Moisture
36
Error
47
Total

9255
6909
16164

MS
841
192

P<
0.001

F
4.38

The insects maintained at 40, 60, 80, 90 and 100 % moisture capacity displayed
significantly lower mortality rates than those maintained at zero and 110 % of
saturation capacity (P<0.01), at which 100 % mortality was recorded. There were no
significant differences amongst any of the other regimes (P>0.05) (Figure 5.17).
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Figure 5. 17 1). brass/car mortality in relation to the moisture content of the
pupation substrate. Error bars display the standard error of the mean.
Columns bearing different letters are significantly different (P<0.05).
The data from the sand experiments echoes that found in those conducted using soil;
i.e. 100 % mortality occurred at both the zero and 110 % regimes but no significant
differences in adult emergence, diapause initiation or overall mortality were displayed
amongst the 10 to 100 % regimes.

The duration of pupation was investigated. No significant differences of duration were
displayed in relation to moisture (Table 5.22, Figure 5.18).
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Table 5.22 One-way ANOVA summary table of duration of pupal
development amongst moisture regimes
P
0.453

F
1.02

MS
4.69
4.60

SS
42.19
110.39
152.58

DF
Soil Moisture 9
24
Error
33
Total

24
22
20
18
16
12
10

10
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Figure 5.18 Duration of pupal development in relation to the moisture content
of the pupation substrate. Error bars display the standard error of the mean.
B) Over-wintering mortality
Significant differences in adult emergence from diapause was displayed amongst
moisture regimes (Table 5.23).
Table 5.23 One-way ANOVA summary table of emergence from diapause
amongst moisture re tines
DF
Soil Moisture 11
36
Error
47
Total

SS
1073.2
1164.0
2237.2

MS
97.6
32.3

F
3.02

P
0.006

No adult emergence was recorded at either zero or 110 % soil moisture. Regimes
maintained at 60 and 80 % soil moisture displayed significantly more adult emergence
from diapause than those maintained at 0 and 110 % (P<0.05), There were no
significant differences in adult emergence amongst any of the other regimes (P>005)
(Figure 5.19).
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Figure 5.19 D. hrassicae
content of overwintering substrate. Error bars display the standard error of the
mean. Columns bearing different letters are significantly different (P<0.05).
The proportion of individuals which did not pupate, but remained as diapausing larvae
was not significantly affected by moisture regime (Table 5.24 and Figure 5.20).

Table 5.24 One-way ANOVA summary table of diapause continuation
amongst moisture regimes
1W
Soil Moisture 11
36
Error
47

MS
28.2
21.4

SS
310.4
769.5
1079.9

F
132

U.'25i
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Soil moisture content (% saturation capacity)

continuation of diapause in relation to moisture content
Figure 5.20 D. hrassicae
of overwintering substrate. Error bars display the standard error.
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When the data concerning the emergence of adults and the continuation of diapause
was combined, significant inter-regime variation of overall overwintering mortality
was displayed (Table 5.25).
Table 5.25 One-way ANOVA summary table of overwintering mortality
amongst moisture regimes
DF
Soil Moisture Il
36
Error
47
Total

SS
1848.7
883.0
2731.7

MS
168.1
2 4. 5

F
168.1

P<
0.001

Cocoons maintained at both 0 and 110 % displayed 100 % mortality, this was
significantly higher than recorded at those maintained at all other regimes (P<0.01),
with the exception of the 70 % moisture capacity regime (P>0.05). There were no
significant differences among those regimes maintained at between 10 and 100 % soil
moisture capacity (Figure 5.21).
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Soil moisture content (% saturation capacity)
Figure 5.21 D. brassicac overwintering mortality in relation to moisture content
of the overwintering substrate. Error bars display the standard error of the mean.
Columns bearing different letters are significantly different (P<0.05).
In summary, 100 % mortality occurred at both the zero and 110 % regimes, but no
significant differences in adult emergence, diapause continuation or overall mortality
were displayed amongst the 10 to 100 % regimes. This suggests that whilst extremes
of soil moisture are detrimental to diapause survival, no optimal range is apparent.
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5.5.4) Summary
Overall, the experiments showed that extremes of soil moisture are detrimental to
those stages of D. brassicae development which take place within the soil. In all
experiments, both pupae and overwintering larvae displayed 100 % mortality rates
when the substrate in which they were present was maintained at either zero or 110 %
of saturation capacity. Within these upper and lower limits intra-regirne variation was
large, and no significant difference in emergence or mortality was displayed amongst
regimes. In addition, no differences in either diapause initiation in pupae, nor diapause
continuation in overwintering larvae, were displayed in relation to the moisture
content of the substrate.

5.6) Discussion of experimental work
Overall, the experimentation suggests that D. hrcissiccte population abundance would
be maximised at low to mid temperature regimes, and that populations would not
persist under the conditions represented by the highest of the thermal regimes
investigated (fluctuating 25/35 °C, mean 30 ° C). The experimentation also suggests
that soil moisture is not a limiting factor for D. brassicae population persistence
except when zero or above saturation capacity.

The inherent limitations and restrictions of the utilisation of experimental work to
predict climatic response in a natural environment were discussed in relation to
ass/in///s in Chapter 4, and all factors discussed there are also relevant to
brassicac. For example, the use of constant environment regimes does not
investigate the species' ability to endure adverse conditions for short periods, the role
of RH was not investigated, the possibility of populations becoming acclimatised was
not taken into account and nor were the effects of behavioural response to adverse
conditions investigated. In addition, the possible differential response induced by a
fixed bi-temperature regime with 12 hourly intervals in relation to a natural sine wave
temperature fluctuation is also unknown. However, as stated before, I believe that the
experimentation undertaken represents a valid investigation of the species' climatic
response in this context.
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5.7) Parameter Fitting
Observational and experimental data, both from the literature and that obtained during
this project, will be integrated in this section to produce parameter values describing

D. hrassicae's climatic response. An in-depth description of the parameters and their
construction is presented in Chapter 3. The description of the parameter-fitting
process given herein is more summarised than that given in relation to C. assinillis in
Chapter 4.

5.7. 1) Diapause Index
D. hrassicae undergoes obligate diapause, and an increasing proportion of each
generation initiates larval diapause instead of undergoing pupation (Syivén, 1949;
Buhl, 1960; Coutin & Coulon, 1966; Pi1n', 1972b; Czajkowska, 1978). Therefore, it
is not possible to link diapause initiation with a particular temperature or daylength. In
addition, diapause parameters fitted from north European locations would not
describe diapause at warmer areas within the species' range, i.e. Morocco, even
though diapause is known to occur (Lahmer el al., 1992). Therefore, the diapause
function will not be used in relation to this species.

5.7.2) Moisture Indices
A) Growth Indices
Limiting lower soil moisture (SMQ)
It was found during the experimentation that 100 % mortality, of both pupae and
overwintering cocoons, occurred at zero soil moisture conditions. However,
developmental completion was recorded at 10 % moisture regimes, and the mortality
at these regimes was not statistically different from that recorded at regimes between,
and including, 20 and 100 %. Therefore, in both pupation and diapause, SMO is
greater than zero but less, or equal to, 10 % saturation capacity. The lower limiting
parameter was therefore set to 5 % saturation capacity.
Optimal lower and upper soil moisture parameters (SM1 and SM2
In both of D. hrassicae's soil dwelling developmental stages, 100 % mortality was
recorded at both zero soil moisture and regimes where free water was present (I 10 %
soil moisture capacity). No difference in mortality levels were recorded amongst
regimes between, and including, 10 and 100 % of soil moisture capacity. Therefore, a
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lower optimal parameter of 10 % was applied. The experimentation suggests that the
upper optimal parameter would be between 100 and 110 % soil moisture. However,
as discussed in Chapter 4, in a natural soil environment, free water is unlikely to be
present for any length of time due to natural drainage, dependent on soil type. Only
when very heavy precipitation occurs will free water be present. Therefore the upper
optimal limit used herein is that used in the CLIMEX template for temperate species,
i.e. 150 % soil moisture capacity. Use of this parameter ensures that locations at
which precipitation often results in saturation capacities between 100 and 150 %
(i.e. most of northern Europe) will not be unrealistically penalised, as, in soils with
reasonable drainage the water content is likely to predominately be around 100 %.
Limiting, upper soil moisture (SM3)
Both successful completion of pupal development and overwintering survival
occurred at the 100 % soil moisture regime, but mortality was 100 % at regimes
where soil moisture capacity was exceeded (110 %). However, as discussed in
Chapter 4, if a literal translation of the experimental upper developmental limit were
applied it would greatly underestimate the area which is suitable for D. brassicue
development. In a natural environment, periods where free water is present are likely
to be short-lived before drainage occurs and such conditions would never be present
for the entire developmental period, therefore the experimental regimes applied do not
realistically recreate the species' response at this end of the soil moisture spectrum.
The distribution predicted to be suitable for D. brassi cue soil development with an
upper limit of 100 % would not be indicative of D. hrassicae's known range, and
precludes its survival in areas of the UK where the species is known to persist.
Therefore an upper limiting soil moisture value of 250 % was applied. This is the
value used in the CLIMEX template for temperate species.
A) Stress Indices
Dry Stress
It was found during the experimentation, that exposure to zero moisture conditions
for the duration of both pupation and diapause resulted in 100 % mortality. Soil
moisture is lowest in summer months, and therefore pupation is the developmental
stage most likely to be limited by dry conditions.
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There were no significant differences in pupal mortality amongst regimes between,
and including, 10 and 100 % of soil moisture capacity. Mortality was 100 % at zero
moisture regimes. Therefore a threshold value of 10 % was set to reflect soil moisture
conditions below which stress accumulated. Although zero moisture regimes resulted
in 100 % mortality during pupal development, the insect may be able to endure
unfavourable conditions for a limited period and resume development when conditions
become more favourable. However, in locations where zero moisture conditions
persist for more than a few weeks pupae would not survive and the dry stress
parameter must be set to reflect this. A high accumulation rate is required to reflect
the severity of the implications of zero soil moisture conditions during the summer,
even when moisture levels are optimal during the rest of the year. Therefore, an
accumulation rate of 0.05 was set. The parameters assi g ned predict that lethal dry
stress accumulation will occur in central Algerian and southern Moroccan locations.
Non-lethal dry stress values are predicted in southern Europe, decreasing northwards.
Dry stress values are displayed for locations in the CLIMEX European dataset and for
the interpolated meteorological data in Figures 5.22 and 5.23 respectively.
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Figure 5.22 Dry stress index values predicted for 346 European locations.
Stress threshold (SMDS) 10 % soil moisture capacity, accumulation rate
(HDS) 0.05.
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Figure 5.23 Dry stress index values predicted at 1469 interpolated locations
at a resolution of 10 of latitude and longitude.

Wet stress
Both successful completion of pupal development and overwintering survival was
recorded at regimes maintained at saturation capacity, but mortality was 100 % at
regimes where 110 % of soil moisture capacity was maintained. As discussed earlier,
values above which wet stress accumulates in experimental regimes are misleading
when applied to a field situation, and a literal translation of the results would lead to
much of north-western Europe being erroneously predicted as unsuitable for

D. brassicae population persistence. Therefore, the wet stress threshold and
accumulation rate are as those used in the CLIMEX template for temperate species
i.e. a threshold of 250 % soil moisture capacity and an accumulation rate of 0.002.
These parameters do not produce wet stress accumulation at any European or north
African location.

5.73) Temperature Indices
A) Growth indices
Limiting lower temperature (DVO)
In all developmental stages of D. brassicae, successful completion of development
was observed at the lowest of the five temperature regimes, i.e. fluctuating 5/15 °C
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with a mean of 10 T. Therefore the developmental threshold lies below the
temperatures encountered in the experimental regimes implemented. Indeed, Axelsen
(1993a) recorded developmental thresholds of 6,7 "C for egg and larval development,
and 8.1 "C for pupal development.
However, although all three developmental stages may have base temperatures of
below 10 "C, because of the midge's phenology these thresholds will not be
encountered in a simulation using long-term meteorological data, as the species is in
diapause when temperatures are within this range. Therefore, to reflect the phenology
of the pest, the temperature associated with the cessation of diapause is the
appropriate parameter guide.
Kruger (1983) reports first emergence from pupation when soil temperatures are
around 13 "C, Skrocki (1979b) reported mass emergence at soil temperatures of
15 "C, observing that this was usually associated with an air temperature of 17 T.
Czajkowska (1978) reported emergence 10 days after a soil temperature of 9 to 10 "C
was attained.
Both air and soil temperature were recorded during sampling of the insect fauna of
oilseed rape in the Scottish Borders in 1996 (Chapter 2 and Appendix 1). Traps in
both emergence and winter rape sites were monitored weekly. D. hrass,cae was first
encountered in an emergence trap at the overwintering site on the 11th of May,
therefore emergence had occurred during the preceding week. During that week, soil
temperature was between 9 and 10 "C, and the maximum air temperature recorded
was 12.5 T. The emergence recorded in this study was therefore at significantly
lower soil temperatures than observed by both Kruger (1983) and Skrocki (1979b).
However, in the three weeks preceding first emergence, daytime soil temperature was
between 9 to 10 T. Both Axelsen's (1993a) developmental threshold of 8.1 "C for
pupation, and the successful completion of pupation at the lowest of the thermal
experimental regimes recorded herein (fluctuating 5/15 "C, mean 10 "C), would
suggest that it would be expected that pupal development would be successfully
completed under such field conditions. This would also agree with Czajkowska's
(1978) reports of emergence around 10 days after attainment of soil temperatures of
9 to 10 "C.
221

D. brassi cue lives for only I to 3 days, and therefore migration to the crop must occur
very soon after emergence from the soil. Mating occurs at the emergence site and only
females migrate to the crop to oviposit. Ankersmit (1956) observed that first flight
occurred when maximum temperatures reached 16 "C, but mass flight did not occur
until 20 T. Skrocki (1979a) reported that flight occurred when air temperatures were
around 18 T. Again, these reports are rather high, and literal translation of such
thresholds would result in predictions of very late crop invasion in northern European
areas. However, reports of peak D. brassicae infestation of winter rape crops show
the best correspondence with predictions made using a flight threshold of 16 T. In
addition, the best correspondence between predicted and observed reports of first

I). brass/cue invasion is obtained when flight thresholds of 14 to 15 °C are
implemented (Table 5.26). Indeed, the first catch of a D. hrassicae adult in canopy
level winter rape traps in the Scottish Borders in 1996, was recorded on the 19th of
May. Recorded air temperatures in the week of emergence reached a maximum of
14.5 °C.
Table 5.26 Comparison of predicted and observed crop invasion, using flight
thresholds of 14 and 15 °C
Predicted first invasion
15 °C
14 °C
1st
week of
4th week of
Sweden
June
May
1st week of
3rd week of
Denmark
June
May
Czechoslovakia 2nd week of 3rd week of
May
May
2nd week of 4th week of
France
April
April
2nd
week of
1 St week of
Germany
May
May
1st week of
1st week of
Poland
May
May
____
2nd week of 3rd week of
UK
May
May
Country

'

Observed first invasion

Reference

mid-May to mid-June

1,2

mid-May to early June

3,4,5

mid-May

6

early April to early May

7

early to late May

8,9

early to late May

10, 11

early to late May

12,13,14,
15,16

1. Ahman. 1986, 2. Sylvén, 1949; 3. Axelsen, 1993a; 4. Hansen, 1993; 5. Bromand, 190;
6. Piln', 1974; 7. Coutin & Riom, 1970; 8. iJiber, pers. comm.; 9. Fröhlich, 1956;
10. Czajkowska, 1978; 11. Skrocki, 1979a; 12. Attah & Lawton, 1984; 13. Free & Williams,
1979a; 14. Alford, etal., 1991; 15. Williams etal., (1987a); 16. Current study (Chapter 2).
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The disparity between reported and observed flight thresholds illustrates two distinct
problems in inferring CLIMEX parameter values directly from reports in the
literature. Firstly, caution must be shown when translating field observations of
temperature response from one area to another. The magnitude and rate of spring
temperature increase varies within Europe. Therefore, in an area where spring
temperatures increase rapidly, the temperature increase occurring during the duration
of a developmental stage may outstrip the rate advantage it confers, leading to the
erroneous conclusion that higher temperatures are required to reach
behavioural/physiological thresholds than is the case.
Another problem in setting parameter values is the literal translation of observations
from the field to a database composed of mean meteorological data, especially in
relation to events such as flight thresholds. Even where a threshold is realistically set,
mean monthly temperatures may not exceed this threshold even though there are
likely to be several days within the month where thresholds are attained, and allow the
event to take place. A couple of days above the threshold may be sufficient to effect
mass migration, therefore locations would be unrealistically penalised by a literal
adoption of such thresholds. There are also other pitfalls associated with using mean
meteorological data; for example, if emergence and flight thresholds of 12 °C and
15 °C were adopted respectively, analysis of the respective timing of these events
using mean meteorological data would suggest that these two values could not coexist, as the dates on which they are attained are separated by two to three weeks and
adult lifespan is only 2 to 3 days. However, as shown by the intensive sampling in the
Scottish Borders in 1996, the variation in day to day temperature, which is masked by
mean data, allow emergence and flight to take place in subsequent weeks.
Bearing these considerations in mind, a final DVO value of 12.5 ° C was applied. This
value corresponds with the maximum mean air temperature in the week in which first
emergence was recorded during the sampling conducted during this study (Chapter
2). In addition, this parameter value is 1.5 °C higher than that set for C. assirnilis. The
midge is dependent upon C. assiini/is damage to provide oviposition access, and has
been observed to emerge and invade the crop one to two weeks after C. assirnilis
adult invasion (Attah & Lawton, 1984; Current study, Chapter 2).
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Lower and upper optimal temperature (DVI and DV2 respectively)
As discussed in Chapter 4, the confounding influence

or

non-CIiTflatiC variables

precludes the inference of optimal thermal limits solely from reports of abundance
throughout the range. Therefore experimental results must also be considered, when
describing the species' preferred thermal conditions.
The recorded optimal temperature range for D. hrassicae mortality minimisation
varied amongst developmental stage. Adult lifespan was inversely related to
temperature However, as discussed earlier in this chapter, the possible flaws in
experimental methodology indicate that results concerning mortality levels should not
be literally applied. Egg and larval mortality was also shown to increase in relation to
temperature. In both stages, mortality was significantly lower at 10, 15 and 20 °C than
at 25 and 30 T. Therefore, the data suggest that the lower optimal parameter is
below, or equal to, 10 °C and the upper optimal parameter is greater than, or equal to,
25 °C but below 3 0 °C.
Pupal mortality minimisation displayed a narrower optimal range. Mortality at the 10
° C, suggesting a
and 15 ° C regimes was significantly lower than at 20, 25 and 30
lower optimal parameter of below, or equal to, 10 ° C and an upper optimal parameter
of greater than, or equal to, 20 ° C but below 25 T. The range of optimal temperatures
for mortality minimisation during each developmental stage are summarised in Table
5.27.

Table 5.27 Experimentally indicated optimal temperature ranges for
D. brassiccie mortality minimisation
Developmental
Stage
Egg
Larvae
Pupae

Range of optimal parameter values
Lower optimal temperature
DV110°C
DV1<l0 °C
DVI <10°C

I

Upper optimal temperature
25°CDV2K30°C
25 ° C<DV2<30 °C
20°CDV2<25°C

D. hra.s'sicae is a multi-voltine species, and therefore the duration of development is
also pertinent when considering optimal thermal conditions. As a consequence of the
species' prolonged spring emergence period, which can last for up to eight weeks
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(Sylvén, 1949; Coutin & Riom, 1970; Czajkowska, 1978; Williams e/ ul., 1987a;
Current study, Chapter 2), late emerging individuals may migrate directly to spring
crops, therefore overlapping generations occur on both winter and spring crops.
Commonly three to four overlapping generations are reported throughout northern
Europe, with two distinct generations on both winter and spring rape; Czechoslovakia
(Piln, 1972), Denmark (Axelsen, 1993a), France (Coutin & Riom, 1970), Germany
(BUhl, 1960), Poland (Czajkowska, 1978), Sweden (Sylvén, 1949), UK (Williams et
al. (1987 a & b) and current study, Chapter 2). By comparing mean monthly
temperatures with the developmental duration data reported earlier in this chapter it is
possible to predict the relative phenology of the species in each of the experimental
latitudinal bands.

A first flight threshold of 14.5 'C was chosen as this is the maximum air temperature
recorded in the week in which first flight was observed in the sampling carried out in
the Scottish Borders in 1996 (Chapter 2). This temperature also corresponds with
reports of the observation of first crop invasion in the literature (refer to previous
section).

At locations in the above 60 'N latitudinal band, only two generations are predicted to
occur. Whilst in the 50 to 60 °N band, where all of the aforementioned phenology
references originate from, four distinct generations are predicted to occur. Each
generation is predicted to take 4 to 6 weeks, allowing two generations to be
supported by each crop. The fourth generation is predicted to occur in September and
therefore may have to be partly supported by non-cultivated hosts.

Five and six generations are predicted in locations between 40 and 50 'N and below
40 °N respectively and generation time is around 4 weeks, whilst in north African
locations daytime temperatures exceed the flight threshold all year round. This
increased number of generations does not necessarily construe a population
advantage. The prevailing thermal conditions will also influence the developmental
duration of oilseed rape and each crop is still unlikely to support more than two
generations. In addition, although the thermal conditions may be able to accommodate
more generations, they may not actually occur or, if they do, are likely to be of little
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importance. Diapause is obligate in D. hrassicae and is triggered by a combination of
temperature and solar radiation (Axelsen et al., 1997). The relative percentage
entering diapause after each generation has been found to increase from 20 to 90 %
after each of the first four generations respectively (Piln', 1972b; Czajkowska, 1978).
Therefore the relative importance of successive late season generations is not likely to
be of great importance economically.

In summary, the experimentation suggests that locations at above 60 °N will be suboptimal for population persistence due to the thermal constriction of the number of
generations which can be completed in a season. Both the 50 to 60 °N and 40 to
50 "N latitudinal bands are optimal for egg and larval mortality minimisation, whilst
pupal mortality is optimal within 50 to 60 "N band. The latitudinal band representing
European locations below 40 'N was sub-optimal in relation to mortality levels for all
three developmental stages. Whilst, those locations represented by the highest
temperature regime (fluctuating 25/35, with a mean of 30 "C) are indicated to be
unsuitable for the species' persistence. The pattern of abundance suggested by the
thermal experimentation mirrors that reported in the literature (Figure 5.24).

Figure 5.24 Relative importance of D. brassiccie within its European range
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Populations are not damaging above 60 "N in Scandinavia, nor below 40 "N in Europe
or Africa. Damaging populations of D. I7rassicae are reported from southern Sweden
to Yugoslavia and northern Italy (45 to 60 "N). Although Morocco is encompassed by
the regime at which populations were not found to persist (25/3 5 "C, mean 30 °C).
The area in the north-west of the country at which populations are reported has a
cooler climate, similar to conditions found in the fluctuating 20/3 0 "C regime.

Lower optimal parameter (DV J)
The lower optimal parameter is expressed as a mean temperature, and in all three
developmental stages the lower optimal threshold for mortality minimisation is below
or equal to 10 T. This parameter must equal, or exceed, the developmental threshold
of 12.5 T. And as discussed in Chapter 4 a lower optimal threshold of 12.5 "C
corresponds with the northern observational limit of core abundance in the UK,
Denmark and southern Sweden. Therefore a lower optimal parameter value of 12.5 "C
was applied.

Upper optimal parameter (DV1
As a consequence of both the multi-voltine nature off). brassicae's life cycle and of
the species' prolonged spring emergence period, which can last for up to eight weeks
(Sylvén, 1949; Coutin & Riom, 1970; Czajkowska, 1978; Williams et a/., 1987a;
Current study, Chapter 2), overlapping generations occur on both winter and spring
crops, and all three developmental stages may be present under mid-summer
conditions.

In egg and larval development the upper optimal parameter is equal to, or greater than
25 "C but less than 30 T. In pupal development it is equal to, or greater than 20 ('C
but less than 25 "C, therefore a compromise must be reached. An upper optimal
parameter of 25 <'C describes the mean thermal conditions within the latitudinal band
encompassing northern Portugal, northern Spain, France, Switzerland, southern
Germany, northern Italy, Austria, the former Czechoslovakia, the former Yugoslavia,
Hungary, Romania, Albania, Macedonia, Bulgaria and Moldovia. The southern
boundary of this band corresponds with the southern observations of economically
damaging populations of D. hrc,ssicae. Therefore, an upper optimal parameter of
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25 ° C would both describe the observed southern limit of damaging

D. brass/cue

populations and provide a compromise between the upper limit for mortality for the
egg/larval and pupal stages.

Limiting upper temperature (DV3)
In all developmental stages of

D. hrassicae,

completion of development was not

recorded at the highest of the temperature regimes (fluctuating 25/35 ° C, mean
30 °C). However, successful development was recorded at the preceding regime

(fluctuating 20/30 °C, mean 25 °C).
The experimentation suggests that the upper thermal limit for

D. brassicue

persistence

lies between the fluctuating 20/30 °C and 25/35 ci regimes. Therefore DV3 is
51
between 30 and 35 T. Mortality at the 20/30 °C regime varied: mortality rates of
(± 5.3), 60 (± 7.1) and 84 (± 1.4) % were recorded in the egg, larval and pupal stages

respectively. As

D. brassicae is

multivoltine, and generations overlap on winter and

spring crops, all three stages may be present under mid-summer conditions.
Therefore, an arbitrary DVO value of 32.5 °C was applied.

A) Stress Indices
Cold Stress
The most northerly recorded limit

of D. brass/cue

distribution in Sweden is around

60 °N (Ahman, pers. comm.). The species is also present in the most southerly areas

of Finland (Bromand, pers. comm.). Therefore, the cold stress parameter must reflect
that population survival occurs in these areas. The boundary of I).

h,'assicae

distribution coincides with the boundary of oilseed rape cultivation, therefore it
cannot be assumed that the northern border of

D. brass/cue's

distribution is a

climatically imposed limit. Recorded abundance within the range does indicate that
cooler climates are limiting. Although the midge is present in Finland, and possibly in
Norway, populations are not reported to be damaging, nor are they damaging in
Switzerland and Austria (Bromand, 1990), whose alpine climates are similar to those
found in Scandinavia. However, although it would seem likely that thermal conditions
govern the species' northern boundary, it is not possible to resolutely state whether or
not the species' limit is a climatic absolute, or host governed.
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As discussed in the DVO section, first flight is recorded at around 14 to 15 °C, and
peak flight at around 16 T. When an arbitrary flight threshold of 14.5 °C and a peak
flight threshold of 16 ° C is applied to the 26 locations in the CLIMEX database above
60 °N, mean maximum temperatures do not attain either threshold at seven locations.
Among the other 19 locations, the first flight threshold is attained, on average, in the
second week of June (± 0.3 weeks), and the peak flight threshold in the 4th week of
June (± 0.3 weeks).
Therefore first egg development would take place in late June and peak egg
development in early July. By comparing mean monthly temperatures with the
developmental duration data reported earlier in this chapter it is possible to predict the
phenology of the species in these locations. Such calculation predicts that second
generation emergence would occur from early August onwards, with a peak in mid to
late August. A third generation would emerge in mid-September, peaking in lateSeptember, early October. At this time crops would not be available and wild
crucifers would have to be utilised for the development of a third generation.
However, mean September temperatures are low (maximum 12.3 (± 0.6), minimum
5.4 (± 0.5) and mean 8.9 (± 0.5), subsequently a third generation would not be
completed until late October and therefore diapause is likely to be initiated by the
second generation. This predicted late emergence in northern regions may explain
why spring rape crops are economically damaged in Sweden, when only winter crops
are economically damaged elsewhere in the species' range.
It would appear that mean climatic conditions at locations above 60 °N would be
capable of supporting only two generations of D. brassicue, compared with reports of
four elsewhere in its range (Pilny, 1972a; Czajkowska, 1978; Ahman, 1986; Williams,
Martin & Kelm, 1987a & 1987b; Axelsen, 1993a). However, although fewer
generations would be recorded at these locations, and therefore populations and
damage are likely to be of lesser importance, a thermal window of opportunity for

D. brassicac population persistence exists.
However, even though summer conditions would allow population survival, it is not
known whether overwintering mortality would be increased at the temperatures found
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in the far north of Scandinavia. The effect of temperature on winter mortality was not
investigated, and future research would be advisable to elucidate this relationship.
Therefore, as the relationship is unknown, cold stress accumulation must not preclude
survival on the grounds of overwintering temperature. There is, therefore, a possibility
of range overestimation, i.e. prediction of non-lethal cold stress accumulation under
conditions where overwintering survival may not occur. However, information
concerning the midge's lower developmental threshold is available and locations
which have extremely low winter temperatures are usually associated with late
attainment of developmental limits and optimals, and therefore resultant El values will
be low. Where development will not occur the species will not persist, regardless of
whether or not cold stress accumulates.
In summary, the multi-voltine nature of D. brassicue may allow it to colonise areas
further north than at which it is currently limited to due to host availability. However,
less generations are likely to be supported than in southern areas and populations are
likely to be of lower damage potential. Without data on the cold-hardiness of the
overwintering larvae it is impossible to define the limit of northern distribution.
Therefore the cold stress parameter set must not accumulate lethal levels at locations
over 60 'N, whilst still reflecting the reduced damage potential of the species in these
locations.
A threshold of-5 "C, and an accumulation rate of 0.0004, were applied (Figures 5.25
and 5.26 for the CLIMEX and interpolated databases respectively). In the CL1ZMEX
database, the predicted cold stress accumulation was lethal at only three locations,
Fanaraken in Norway, Sonnblick in Austria and Zugspitze in Germany. All three
locations are at very high altitudes (> 2,000 m), with mean minimum mid-winter
temperatures of around -20 °C and mean maximum mid-summer temperatures not
exceeding 5 °C (Figure 5.25). In the interpolated dataset, the locations which
accumulate lethal cold stress are above 70 °N, and are also those locations with
minimum temperatures of over -20 °C, and maximum temperatures around 10 T. The
parameters set predict lethal accumulation of cold stress at only those locations with
the most extreme conditions, therefore they do not preclude survival in those areas
where the species' response to very low overwintering levels are unknown.
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Figure 5.25 Cold stress index values predicted for 346 European locations.
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Figure 5.26 Cold stress index values predicted at 1469 interpolated locations
at a resolution of 10 of latitude and longitude.
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Heat Stre

D. brassicae's southernmost reported distribution is in north-western Morocco, and
the results of the experimentation reported in this chapter suggests that this
corresponds with the upper thermal limit of the species' range.

Mortality of eggs, larvae and pupae was consistently 100 % at the highest of the five
temperature regimes investigated (fluctuating 25/35 °C, mean 30 AC). This regime
represents mean Algerian and Moroccan mid-summer conditions (mean July
temperatures for 44 locations; maximum 35 (± 0.7) °C, minimum 21.5 (± 1.1) °C,
mean 28.2 (± 0.8) °C). Successful development of each stage was recorded at the
second highest regime (fluctuating 20/30 °C, mean 25 °C), although mortality rates
were high (51 (± 5.3), 60 (± 7.1) and 84 (± 1.4) for eggs, larvae and pupae
respectively). Mortality rates were significantly higher at the 25 C regime than at the
three lower regimes for all stages of D. hrassicae development (P<0.01).

The results of the thermal experimentation suggest the limit of population survival lies
between the 25 and 30 °C regimes. It is known that 100 % mortality occurs where
maximum temperatures are equal to, or exceed, 35 °C, and the parameter values must
reflect this. The maximum temperature from the highest regime at which development
took place was used as the threshold, i.e. 30 T. An accumulation rate of 0.005 gave
the best fit with the experimental information, i.e. increasing heat stress accumulation
between locations with mean monthly temperatures between 30 and 35 °C, and lethal
stress accumulation (> 100) at locations where mean monthly temperatures were
equal to, or exceeded, 3 5 T.

Figures 5.27 and 5.28 overleaf display the final heat stress indices for the CLIMEX
and interpolated meteorological datasets respectively.
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5.28 Heat stress index values predicted at 1469 interpolated locations
at a resolution of 1 of latitude and longitude.
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5.8) Ecoclirnatic Index
The final parameter values used to describe the climatic response of D. hrassicae are
displayed in Table 5.28.
Table 5.28 CLIMEX parameter values describing D. hrassicae's climatic response

Parameter
TTCS/TI-ICS
DVO
DVI
DV2
DV3
TTHS/ THHS
Parameter
SMDS/ HDS
SMO
SM I
SM2
SM3
SMWS/ HWS

Temperature Indices
Description
Cold stress threshold/accumulation rate
Limiting lower temperature
Lower optimal temperature (mean)
Upper optimal temperature
Limiting upper temperature
Heat stress threshold/accumulation rate
Moisture Indices
Description
Dry stress threshold/accumulation rate
Limiting lower soil moisture
Lower optimal soil moisture
Upper optimal soil moisture
Limiting upper soil moisture
Wet stress threshold/accumulation rate

Value
-5 °C /0.0004
12.5 °C
12.5 °C
25 °C
32.5°C
30 °C /0.005
Value
10/0.05
5
10
150
250
250/0.002

Figure 5.29 displays the mean El values of the locations in the CLIMEX database in
relation to their latitudinal band and Figures 5.30 and 5.31 display the El values
generated for locations in the CLIMEX and interpolated datasets respectively.
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Figure 5.29 Mean EL values generated for D. brassicae at 346 European
locations in relation to their latitudinal band. Error bars display the standard
error of the mean.
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The relative magnitude of the El values predicted are very similar to the reported
relative abundance of D. brass/cue in the literature. Damaging populations are limited
to locations below 60 °N in Scandinavia, and occur throughout the UK and mainland
Europe, with a southern boundary at around 45 °N in northern Italy and Yugoslavia.
The absolute southern distribution is found in north-western Morocco. One area
where the mean El values predicted are misleading, is in locations in the south of
Europe, i.e. southern France, southern Italy, Greece and Spain. In these countries the
temperature index is positive all year round, whereas in Europe only during the
summer months are temperatures within the developmental limits, therefore higher El
values are predicted. As discussed in Chapter 4 the presence of climatic conditions
favourable for development during the diapause period does not construe an
advantage, and therefore the El values predicted in these areas are artificially high.

Figure 5.32 displays the El values generated for each of the countries from which the
relative importance of D. brass/cue has been reported.
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Figure 5.32 Mean ecocliniatic indices predicted for D. hra.ssicae, columns
coloured red represent countries in which the species is reported to be
economically damaging, those coloured blue represent countries in which the
species is present but is not of economic importance. Error bars display the
standard error of the mean.
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A good correspondence is gained between the predicted and reported importance of
the species amongst the countries from which reports of damage levels were available.
However, the predicted El values for both Austria and Switzerland are not as low as
would be expected considering that the species is not reported to be economically
damaging in these countries. No rape production practice or any other factor which
could be differentially limiting abundance in these countries is evident, and this would
suggest that, as discussed in the cold stress section, low winter temperatures do
increase overwintering mortality to a greater extent than modelled herein. However,
this cannot be modelled with confidence until experimental evidence is available to
support this theory.

The El values are presented as means, and those displaying large error bars denote
that the country may encompass areas which have very different climatic conditions.
For example, although the mean El for Moroccan locations is 24 (± 7.5), these reflect
the dry, hot inland locations and El values of 40 to 80 are predicted in the north west
of the country where the majority of Morocco's rape is grown (Lahmer et a/., 1992)
and where conditions are much cooler than southern and inland areas. Similarly,
although Swedish locations are predicted to have an El of 31 (± 3.5), locations in the
southern half of the country, where damaging populations are predicted display El
values of around 40, similar to those predicted in the UK, Denmark and Germany. As
mentioned earlier, the reported mean El value for both Italy and France is likely to be
somewhat artificially increased by the influence of southern locations in which positive
temperature indices are reported throughout the year.

In summary, the parameter values assigned to describe D. brassicue's climatic
response produce climatic suitability indices which correspond with reported relative
abundance data. As all parameter values were primarily based on the results of
experimentation, it is therefore apparent that the European distributional limits and
relative abundance within the range are indeed predominately influenced by climate.

5.9) Validation
Unlike C. ass/mi/is, D. brass/cue is not present in any other continent, therefore the
climatic indices assigned to the species cannot be validated in this way. Validation is
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most important when CLIMEX parameters have been predominately based on
inference from distribution and abundance data in the literature. In the case of

D. brass/cue, climatic response was comprehensively investigated through
experimentation, and all parameters were set using the resultant data. Abundance and
phenological data were used to corroborate the parameters set from experimental
results. Therefore some semblance of validation is provided in the correspondence
between the predicted and actual distribution and abundance data within Europe itself
In addition, the successful validation of C. assirnilis parameters, which were set in the
same way as those of D. brass/cue, increase confidence that the methodology used is
a valid procedure for successfully estimating an insect species' climatic response.
Obviously a secondary means of validation is preferable to increase confidence in the
quality of the parameters set and of any subsequent predictions made. However, the
rationale behind implementing a comprehensive experimental investigation of the
climatic response of the species was to increase confidence in predictions in precisely
this scenario. Most species which are of interest for this type of range determining
analysis, do not, by the nature of the research, already have wide-ranging
distributions. Therefore it will not often not be possible to validate the data with that
from another continent.

In summary, although a formal validation procedure is not available in relation to this
species, the experimental investigation of climatic response ensures that there is a
scientific basis to parameter estimation. In addition, the fact that the parameters
generated from the experimental data are corroborated by reports of distribution,
abundance and phenology in the literature increases confidence that they have been
realistically set.

5.10) Summary
The climatic response of D. brass/cue was experimentally investigated, and the
results corroborated with reports concerning the species' European and north African
distribution, abundance and phenology. This information was integrated and used to
set CLIMEX parameter values describing the species' climatic requirements for
population growth and survival. These parameters will be used to predicted the
potential world-wide range of D. brass/cue in Chapter 6.
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Chapter 6
Potential range and colonisation ability of
C. (issimilis and D. brassicae
6. 1) Introduction
In this chapter, the parameters assigned to describe the climatic response of

C. (iss/mi/is and D. brass/cue in Chapters 4 and 5, will be used to predict the
potential, climatically suitable, world-wide range of each species. The role of other
range modifying factors, such as host availability, presence of parasites and, in the
case of I). brass/cue, the presence of a pod access mechanism, will also be
investigated. The relative influence of both the biotic and abiotic factors will be
considered, and the overall global range and colonisation ability of each species will
be estimated.

The chapter is split into two main sections ,- firstly, the influence of non-climatic
factors on the range and abundance of C. ass/in//is and D. hrassicae populations will
be considered. In the following section, the CLIMIEX parameters describing

C. ass/nut/s and 1). brass/cue's climatic response will be reiterated and compared, and
the potential range and injuriousness of D. brassicue populations in Scotland will be
discussed. Predictions of global climatically-controlled range will then be made. In
areas where the species are predicted to persist, climatic suitability will be integrated
with the anticipated action of the main abundance modifying biotic factors of the
region, and the overall colonisation ability of each species will be estimated.

6.2) Non-climatic abundance modifying factors
6.2.1) Introduction
It is generally accepted that climate is most often the principal factor limiting the
geographic distribution of insects within their native range (Andrewariha & Birch,
1954; Edwards & Heath, 1964). Indeed, in both C. ass/mi/is and D. brass/cue's
native distributions there was found to be clear correspondence between the observed
distributional limits and optimals and those indicated by the experimental investigation
of climatic response. This suggests that both distribution and abundance are
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predominately determined by climate, and other factors, such as magnitude of rape
cultivation and rape cultivation history, and the composition of annual and biennial
forms grown, are of secondary importance. However, although the influence of biotic
factors may not be of primary importance within the species' indigenous range, this
relationship may not translate to a new area. In the continent of origin, the secondary
range determining factors are fairly constant throughout. For example, although rape
cultivation varies throughout Europe, it is grown, to some extent, in every country,
and therefore abundant hosts do exist throughout and in no area are the pest species
reliant purely upon alternate, secondary hosts. Whereas in a new area there may be
major differences in the both the abundance-modifying factors present, and their
importance.

Therefore, the influence of local biotic factors, upon both the survival and abundance
of introduced populations, in climatically suitable areas outwith the native range must
also be considered when estimating potential colonisation ability. Climaticallycontrolled population density is likely to be modified by the local habitat, availability
and quality of hosts and the action of natural enemies and competitors. In addition, in
the case of D. hrassicae the availability of a pod access mechanism is also necessary
for population persistence. The importance of these factors will be considered in this
Section.

6.2.2) Natural enemies
Within their indigenous European range, both C. assirnilis and D. hrassicae are
attacked by a variety of hymenopteran parasites and high infestation levels are often
recorded (refer to Chapters 4 and 5 respectively). The distribution and abundance of
parasitoids are not well-documented in general, and it is not possible to predict the
composition and abundance of natural enemies in a new environment. Natural
predators and parasites are capable of influencing considerable control over insect
populations. The biological control of pest species by the intentional introduction of
natural enemies illustrates the regulatory role such organisms are capable of exerting.

It has been noted that insect populations often increase to extremely high levels when
introduced into new geographic areas, in which other factors are equal, and it is
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accepted this is often due to the absence of regulating indigenous enemies (Price,
1987; Cheek, 1994). When a species is introduced to a new continent its natural
enemies are likely to be species native to that area. Although polyphagous species
may accept the newly introduced species as an alternative host, they are less likely to
be as specialised, and are therefore less efficient, than the predators present in the
indigenous range. For example, of the 12 species of parasite reared from C. ass/in//is
in North America by McLeod (1953), only two were specialised parasitoids of
C. assiniilis, the other ten were native species which attacked a wide variety of
insects. In Europe at least five specialised parasitoids attack C. ass/nil/is.

In conclusion, although it is impossible to predict the influence of natural enemies in
areas outwith a species' indigenous range, it is commonly reported that populations
increase more rapidly, and to a greater abundance, in areas where the natural enemies
of the native distribution are absent.

6.2.

3
-

Host plants

The availability of host plants in the area into which a species is introduced is crucial
for population survival. Of all the abundance modifying factors this is the only one,
aside from climate, which has the potential to prevent population persistence, and is
particularly pertinent when predicting the range of monophagous species.

C. ass/nil/is feeding and oviposition is restricted to cruciferous plants, mainly in the
family Brassicacae, and the range of plants accepted for oviposition (true hosts) is
narrower than the range accepted as adult food plants (Doucette, 1947; Dmoch,
1965a; Alford el al., 1991). The majority of C. assim//is' true hosts are cultivated
crucifers: brassica vegetable crops such as Kale (Brczssica oleracea L var. acephala),
Cabbage (B. oleracea varieties sabuada & capitata), Kholrabi (B. oleracea var.
gongloydes), cauliflower (B. oleracea var. botrytis), turnip (B. rapa varieties rapifera,
silvestris, napobrassica & rapa), mustard (B. juncea var. cosson & Koch) and radish

(Raphanus sativus var. esculentus), and cruciferous oil plants such as swede rape
(B. ,,upus vars oleifera f. annua & biennis), turnip rape (B. cainpesiris var. oleifera f.
annua & biennis), white mustard (Sinapis rapa var. genuina) and Raphanus salivus
(var. oliferous). In addition the following crops; brussels sprouts (B. oleracea var.
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(.Jemrnifera), broccoli (B. oleracea var. botrytis), Cameline (Camel/na sat/va),
roquette (Eritca saliva) and Spanish colewart (Cranthe ahyssinica) are food plants of
adult weevils (Doucette, 1947; Dmoch 1965a).

Wild crucifers also act as hosts for C. assini/lis and around 30 species have been
named as food plants, of these, only four have been found to be true hosts. These are;
wild mustard

(S/nap/s arvensis),

wild radish/jointed charlock

(Rap hanus

raphanisirum), pepperwort (Lepidi urn campesire) and narrow-leafed pepperwort
(Lepid/urn niderale) (Doucette, 1947; Drnoch 1965a; Alford et al., 1991).

brass/cue is also restricted to cruciferous hosts and its oviposition host range is
somewhat narrower than that of C. ass/rn/I/s (Ahman, 1985b & 1988). The midge's
main hosts are B. napus (all varieties), B. canlpestr/s (all varieties), and B. oleracea
(selected varieties). Development has also been recorded on other crops; B. juncea,
car/na/a, ('saliva, C. abyss/n/ca, R. satii'us, S. a/ha and S. nigra (Barnes, 1946;
Ahrnan 1988) and wild crucifers; Al/aria petiolata, Barharea vu/gar/s, Capsella
biirsc, pus/ens, Dip/a/ax/s lenuifo/ia, Eiys/rnuni cheiran//,oicles, Si.ynthrium
(?!tic/na/e, lb/aspi ari'ense, Eruca saliva, C. saliva and Berteroa incana (Sylvén,
1949; SchUtte, 1963; Ahman, 1988; Stelter, 1992). The number of wild crucifers
acceptable as hosts of D. hrassicae is greater than those used for oviposition by
ass/m///s. However all of the above species are food plants of C. ass/in//is and
therefore pod access is provided.

However, although D. brass/cue development has been recorded on all of the
aforementioned species, they are not all of equal quality as hosts. A.hman (1988)
compared the host suitability of 1 3 wild and cultivated crucifers with that of B. napus.
The study found that B. tiapiis consistently received more eggs than any other
crucifer, the egg load on non-brassica species was seldom greater than 10 % of that
recorded on B. napus. Similar findings are available from other crucifer herbivores,
for example, Huang & Renwick (1993) demonstrated that wild crucifers were less
acceptable to the small cabbage white butterfly (Pier/s rapue L.) than cultivated hosts,
this was linked specifically to the relative balance of oviposition stimulating and
deterring chemicals in these hosts. The less acceptable hosts have had lower amounts
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of stimulants, or in the case of E. die/run/ho/des and C. bursa pastor/s, the presence
of potent oviposition deterrents. This balance of positive and negative stimuli is
considered to be central to the ovipositional decision making process of insects
(Dethier, 1982; Courtney, Chen & Gardner, 1989; Miller & Strickler, 1984).

In addition to decreased oviposition in non-brassica species, Ahman (1988) also found
that the developing larvae were smaller on the alternative hosts (including B. lunce(I
and B. carinata), resulting in smaller, less fecund adults. Ahman (1988) concluded
that all of the crucifers tested were poor host substitutes for B. Pupils, in an earlier
study Ahman (1981) had found that B. canipestris (rapa) and B. oleracea are of
similar host quality to B. napus. Ahman (1988) concluded that where B. napus,
B. cwnpes Iris and B. oleracea are absent, D. brass/cue populations are likely to be
small.

Both C ass/ni//is and D. brassicue are dependent upon pod-bearing hosts for larval
development. Whilst brassicas are grown world-wide, cultivated species which are
grown for their foliage, such as the many varieties of B. oleracea, are not as suitable
hosts as oilseed crops, and neither species is an important pest of crops other than
oilseeds. Therefore, although populations may survive on wild cruciferous weeds or
volunteer foliage plants, they are unlikely to flourish. Such plants may support
marginal populations in areas where brassica seed crops are not cultivated, and the
establishment of populations would provide the potential of increase to economically
damaging levels if oilseed crops were cultivated in the future. However, marginal
populations are less likely to persist if other factors are not favourable for population
increase, a combination of a scarcity of hosts and sub-optimal climatic conditions is
likely to lead to the extinction of introduced populations.

In addition, the composition of spring and winter forms of oilseed rape grown in the
area into which the species are introduced may also play a regulatory role in the
potential abundance of populations. Both C. ainiiIis and D. brassicae attack winter
rape to a greater extent than spring rape, as pods are present in the winter crop when
the pest species first emerge and oviposit. Therefore, winter crops receive a greater
complement of eggs than the later developing spring crops. However, both species do
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utilise spring crops to some extent. Late emerging C. ass/nil/is adults may migrate
directly to a spring crop for oviposition, and spring varieties are a useful resource for
second generation adult feeding. D. brass/cue also colonise spring crops, both late
emerging adults, and second and third generations emerging from winter crops
oviposit on spring varieties. It has been observed that both C . assimilis and
D. brass/cue

populations are greatest when both varieties are present (C. ass/mills -

Anon., 1996; Winfield, 1992; D. brass/cue - Nillson, 1975; Hansen, 1993) but are
also economically damaging in areas where only winter forms are grown (Bromand,
1990). Neither species is recorded as economically damaging in areas where solely
Spring varieties are cultivated.

In summary, neither C. ass/ni//is nor I). brass/cue is economically damaging to crops
other than oilseed brassicas. Whilst populations may persist in areas where oilseed
crops are not cultivated, if other factors are also unfavourable for population increase
they are not likely to survive. In addition, populations are greatest where both winter
and spring forms are grown, providing greater temporal availability of the host.

6.2.4) Pod access mechanism
D. hrassicae has a weak ovipositor and morphological studies have shown it is not
adapted for boring through the pod surface (Stechmann & Schutte, 1978; Hallberg &
Ahman, 1987). Therefore D. brass/cue oviposition is largely confined to pre-damaged
pods.

It is generally accepted that D. hiassicue primarily relies on C. ass/tn//is damage to
provide access to the pod (Ankersmit, 1956; Doberitz, 1973; Nijveldt, 1973;
Stechmann & SchUtte, 1978; Skrocki, 1979b; Free, Ferguson & Winfield, 1983a;
Winfield, 1992; Ferguson el al.,

995). Several investigations have shown a clear

positive relationship between C. ass/mi//s and D. brass/cue infestation levels under
experimental conditions (Speyer, 1921; Sylvén, 1949; Coutin, 1961; Sylvén &
Svenson, 1975; Nietzke, 1976). Therefore, the absence of a suitable pod access
mechanism may preclude or limit 1). hrassicae population persistence if the species
were to be introduced to areas where C. assimilis is not present.
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However. D. brassicae may also utilise mechanical damage, or that caused by wind or
fungal disease (Winfield, 1992) and has also been shown to be able to oviposit in
young undamaged pods to some extent (Skrocki, 1979b). Skrocki (1979b) quantified
the proportion of D. brassicae eggs laid via different damage categories in the field.
Skrocki (1979b) reported that the rate of D. brass/ cue oviposition on pods damaged
by C. ass/in//is was 76 %, whilst only 12 % of pods damaged by other insects were
infested. Oviposition on young, undamaged pods was also 12 %. It was therefore
concluded that the majority of D. hrassicae oviposition was dependent upon the
presence of C. ass/ni//is.

However, the preference which D. brass/cue displays for C. ass/nil/is damaged pods
may not necessarily be due to increased suitability of this type of damage for pod
access, but for other advantages it may confer. Kelm ci al. (1994) found that when
ass/mi/is feeding and oviposition punctures were present alongside pin punctures
of a similar size, the oviposition punctures were preferentially selected by
brass/cue. This is supported by Ferguson el al. (1995), whose study found that, in
the field, pods which were host to C. ass/mills were more than three times as likely to
be infested by D. brcissicae than uninfested pods. Ferguson el al. (1995) also carried
out laboratory studies of D. hrassicae oviposition preference, in which adults were
given a choice of pin punctures, weevil feeding holes and weevil oviposition holes. A
statistically larger proportion of weevil oviposition holes were used for D. brass/cue
egg laying than any other puncture type.

In both

or

the aforementioned studies, greater C. ass/in//is egg mortality was

observed when D. brass/cue larvae were present. Kelm et cii. (1994) observed 32 %
C. ass/mi/is egg mortality when D. brass/cue was present, and none when the midge
was absent. In addition, Ferguson et al. (1995) observed no C. assimilis egg injury in
pods where D. brass/cue oviposition did not take place, nor where only D. brass/cue
eggs were present, however, in 46 % of pods where D. brass/cue larvae were present
C. ass/mi/is eggs were found to be damaged.

Larvae of D. brass/cue hatch and develop more rapidly than those of C. ass/mi/is,
therefore D. hra.vsicae larvae emerge before C. ass/nil/is egg development is
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complete. C. assirnilis larvae feed on the developing seeds and D. hrassicae larvae
feed on the pericarp, so there is no direct competition for food. However, growth of
the pod wall is reduced locally where seeds are missing (Ahman, 1986) and therefore
destruction of seeds by C. assirnilis larvae may inhibit growth of the pericarp.
Therefore, the destruction of C. ass/mi/is' eggs could benefit D. brassieae's survival.
However, this would not explain why C. ass/mi/is oviposition holes are preferentially
selected. The observation that D. hrassicae larvae damage C. assimilis eggs led Kelm
el cii. (1994) to hypothesise that the midge may be feeding upon them, and therefore

to oviposit in pods where C. ass/mi/is eggs are present may confer an advantage to
I). brassicae. Ferguson e/ al. (1995) also suggested that D. hrassicae may actively
search for weevil oviposition holes to give their offspring a competitive advantage,
and that a predatory relationship would explain why adults preferentially select
C. assimi/is oviposition sites to lay their eggs.

The results of both Kelm e. al. (1994) and Ferguson et al. (1995) are contradictory to
that reported by Ahman (1987) in which it was reported that I). brassicae egg laying
was not observed in C. assimi/is oviposition holes. Ahrnan (1987) hypothesised that
the size of oviposition holes prevented their use by D. hrassicae, quoting Stevenson's
(1955) paper it is recorded that the average C. assiini/is oviposition hole is around

0.06 mm, as opposed to a feeding hole size of around 0.3 mm.

During this project both types of weevil damage hole were inspected and measured.
Feeding holes were obtained by placing male weevils in holding cages containing
undamaged, glasshouse-grown rape pods. Oviposition holes were obtained by placing
individual female weevils, which had been denied oviposition sites, in small plastic
tubes with an undamaged pod and watching them continuously until oviposition was
observed. Seven holes of each category were measured, and feeding and oviposition
holes were found have a mean diameter of 0.12 (± 0.014) and 0.11 (± 0.005) mm
respectively. No distinguishable differences were apparent between the two damage
categories. Ferguson (pers comm., unpublished data) has also photographed and
measured both types of C. ass/ni//is damage and also recorded no differences in size
between the categories. Figures 6.1 and 6.2 display a C. ass/in//is oviposition and
feeding hole respectively.
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Figure 6.1 C. ass/mi//s oviposition hole, diameter 0. 11 mm (x 45 magnification)

-;'

__
Figure 6.2 C'. ass/nil/is feeding hole, diameter 0.10 mm (x 45 magnification).
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C. ass/nil/is creates both oviposition and feeding holes with its proboscis, the

ovipositor is not used to pierce the pod. The weevil's proboscis was measured and
was found to be around 0.1 mm in diameter, which is roughly the same size as the
holes created. D. hrassicae's ovipositor was also measured and was found to be
around 0.03 mm in diameter. It is therefore clear that both C. ass/mills damage types
should provide adequate pod access for D. hrassicae, and it is difficult to explain
Ahman's (1987) findings.

In summary, although D. brass/cue may preferentially oviposit in C. assimilis infested
pods, this is not necessarily because C. ass/mi/is damage affords better access than
other damage categories, but may be influenced by other advantages C. ass/ui/us
infestation confers. Therefore, where no other choice is given, other forms of damage
may provide adequate pod access for D. brass/cue population persistence.

Whilst there is no other pod damaging species which is solely associated with oilseed
rape, various species of polyphagous insect may feed upon the crop, thus providing
possible pod access. One possible alternative vector of D. brass/cue oviposition are
the various species of Lyguis (Heteroptera: Miridae (Lygaeidae)). Adult lygid bugs are
characteristically around 5 to 7 mm long, with a pronounced rostrum. They feed by
piercing the vegetation, fruit and seeds of host plants and injecting saliva into the
tissue. The saliva acts as an enzyme, breaking down the starch in the sap, and a
necrotic lesion is left at the point of entry (Miller, 1956). Fungal lesions have been
observed to allow D. brass/cue oviposition to take place (Winfield, 1992), therefore
lygid damage may also permit egg laying.

There are approximately 43 known species of Lygus, and they are reported from
North America, Europe, Asia and Australasia (Kelton, 1975; Matheson, 1976). Lygid
bugs are polyphagous feeders, Lygus lineolaris alone has been found on 385 host
plants in 55 families (Young, 1986). The species are omnipresent on a variety of
crops, including oilseed brassicas, throughout the world (Henry & Lattin,

1987).

Three species of Lygus have been reported to be important pests of oilseed rape in
North America; Lygus lineolaris (Palisot de Beauvois), L. borealis (Knight) and
L. c/is/us (Van Duzee) (Craig, 1983; Butts & Lamb, 1990; Timlick, Turnock & Wise,
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1993; Turnock et al., 1995; Gerber, 1996). Both Turnock etal. (1995) and Butts &
Lamb (1990) recorded up to 20 % seed destruction by Lygu species in Canadian
crops. In addition, oilseed rape has been cited as a host of Lygits dispensE Linnavuori
in Japan (Hori & Hanada, 1970) and of Nysius v/ni/or Berg (Lygaeidae) in Australia
(Matheson, 1976). Damage to UK oilseed crops by Lygus species has not been
investigated, however their presence has been recorded on UK linseed crops (Lane &
Walters, 1993b). In addition, during the monitoring regimes carried out during this
project, lygids were routinely caught on oilseed rape crops. Two species were
recorded from Scottish rape crops; Lygus ruligipennis Popp. (tarnished plant bug)
and Lygus pabulitius L. (common green capsid, Figure 6.3), with the latter being the
most abundant. However, although rough observations of relative abundance were
noted, exact numbers of Lygus catches were not recorded during monitoring.
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Figure 63 Adult Lvgus pahulinus L. (x 15 magnification)

Experimentation was conducted to investigate the efficacy of lygid damage as a pod
access mechanism for D. brassicue and to compare I). hrassicae oviposition rates
between lygid and C'. ass/tn//is damage.

249

Methods and materials
Although Lygiis spp. were present in local winter rape crops, numbers were low and
so individuals were collected from a local spring greens crop on which they were far
more numerous. The most numerous species present, and that used in this experiment,
was Lygus pa/milnus.
Both C. ass/mills and

L. pabu/inus

were collected in late May/early June. The insects

were housed in clear perspex cylinders, with an aluminium base and a fine mesh top
(height 45 cm, diameter 18 cm, volume 0. II m 3 ). The insects were maintained at
22 °C, with a light-dark photoperiod of 18:6 hours and at ambient RE, and were fed
onglasshouse grown oilseed rape vegetation.
Adult D. hrassicae were obtained by collecting oilseed rape pods displaying signs of
midge infestation from local winter rape crops. The pods were placed in large gravel
trays (60 x 30 x 10 cm) which had been lined with several layers of dampened filter
paper, between which the final instar larvae burrowed upon emergence. Larvae were
collected twice daily (9 am. and p.m. + 1 hour) and placed in large plastic pots
(height 20 cm, diameter 10 cm) containing 25 g of soil maintained at 70% saturation
capacity. The pots were kept at constant 22 °C with a light.- dark photoperiod of 16:8
hours and at ambient RH until adult emergence.
The oilseed rape plants (Brass/ca napus, var Comet) used in the experimentation
were grown in a glasshouse without the use of pesticides. Pod-bearing racemes were
removed and selectively pruned so that all pods were between 20 to 40 mm, as this is
the preferred size range for

D. brassicue

oviposition (Coutin & Riom, 1970). The

pods were examined for signs of injury under magnification (xl 2) and all damaged
pods were removed.

Each replicate consisted of one or two racemes which cumulatively bore 20 pods. The
racemes were held upright in a sample tube containing a reservoir of water, the lid of
the tube had a hole bored centrally to accommodate the stem but stop insects reaching
the water and drowning. Each replicate was contained within a clear perspex cylinder,
with an aluminium base and a fine mesh top (height 45 cm, diameter 18 cm, volume
0. 11 m). Four treatments were implemented; L. pabul/nus damage, C. ass/mills
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damage, pin punctures and an undamaged control. Eight replicates were conducted
for each of the four treatments. The treatments were offered to D. brass/cue in a no
choice situation.

In both the lygid and weevil experiments. 10 individuals were introduced to each
replicate for a 24 hour period. The sex of neither the lygids nor the weevils was
determined before the experimentation. The damage-inducing insects were then
removed, and 10 newly emerged female I). bra,,sicae adults were introduced. The
D. brass/cue adults were removed from pots in which large numbers of emergent
adults were present and mating was assumed to have occurred.

The pin damaged replicates received one hole per pod, created with a 0.41 mm insect
pin. The control replicates were undamaged. Both the pin punctured pods and the
controls were left for 24 hours after the experiments were set up before the
introduction of 10 newly emerged female 1). br(uss/cue adults.
In all treatments, the midges were removed 24 hours after their introduction, and the
pods were dissected under magnification. The number of D. brass/cue infested pods
were recorded. In the pin-damaged replicates every pod was damaged. The number of
holes created by the insects in both the L. pabu//nus and C. ass/ni/i/s experiments was
not quantified. However, the high densities of the vector insects should have ensured
that all pods received damage. For example, Axelsen (1993b) reported that zero to 11
feeding punctures were made per adult C. ass/in/I/s per day.
Results
1). hrass,cae pod infestation was found to be significantly influenced by pod damage
category (Table 6.1).

Table 6.1 One-way ANOVA summary table of D. brass/cue pod infestation
levels amongst pod damage categories
JDF
Damage category 3
Error
28
Total
31 -

SS
638.13
164.75
802.88

MS
212.71
5.88

F
36.15

P<
0.001
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There was no significant difference in pod infestation among the L. pabii/iiius,
ass/mi/is and pin puncture regimes (P>0.05). No pod infestation was recorded in
the control experiment, and this was significaitly lower than at all other regimes
(P<0.01) (Figure 6.4).
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Figure 6.4 D. hrci,s'.'icae pod infestation at relation to pod access mechanism.
Error bars display the standard error of the mean. Columns with different
letters are statistically different from one another (P<0.05)

Discussion
hrassicae adults were not able to penetrate undamaged pods and therefore, as
widely reported elsewhere, it is clear that existing damage is a pre-requisite for
D. brassicae oviposition. In addition, in these experiments, there was no difference
between the level of access afforded by holes created by C. ass/mi/is, L. pabul/nus
and pin punctures.

The results suggest that, when equal levels of the two damage-inducing species are
present, there is no difference in the level of D. brassicae pod access. Therefore,
although C. ass/mills infested pods may be preferred over other damage categories in
choice experiments, where no choice is given oviposition is not reduced and other
sources of damage are as readily utilised.

However, whilst alternative damage does afford pod-access, there are inherent
limitations in the extrapolation of these data to make predictions in the field. Although
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it is clear that alternative access mechanisms would allow D. brass/cue oviposition,
and therefore population survival, it is difficult to predict whether it would afford the
same level of access as C. ass/mi/is damage in a field situation. Artificially high
densities of both the treatment species and D. brassicae were added, and such levels
are not indicative of field populations.

Two main questions are apparent; are lygids sufficiently abundant in oilseed crops to
provide adequate access for D. brass/cue populations, and is their phenology suitable
for the provision of pod-access throughout D. brassicue's life cycle? Lygid abundance
is difficult to assess, a great deal of variation, both temporal and spatial, has been
recorded between and within studies, and in no study have both lygus and C. ass/mi/is
numbers been recorded. In the monitoring carried out during this study, although
lygids were common on rape crops during the seed development stage, they were not
as abundant as the ubiquitous C. ass/ni/I/s. However, the sampling regimes were
designed for oilseed rape pests and yellow traps are unlikely to attract Lygus species,
who infest the crop post-flowering. However, high levels of Lygus have been reported
on oilseed rape crops in North America, Butts & Lamb (1991) reported up to 52
lygids per 10 sweeps of a sweep net in Alberta, Canada.

However, even if lygus abundance was high enough to provide a similar level of
damage to that provided by C. assimilis, its seasonal phenology is likely to decrease
its suitability as a pod access vector for D. brass/cue. The seasonal phenolgy of
C'. ass/ni//is ensures that there is adequate pod access throughout D. brass/cue's life
cycle. The weevil emerges from overwintering earlier than the midge, and its feeding,
oviposition and larval exit holes provide continuous pod access throughout the season
for all generations of D. hrass/cae. All lygid species overwinter as adults, and more
than one generation may occur per year, and all developmental stages attack the
vegetation (Kelton, 1975). However, Lygus bugs characteristically colonise different
host plants in each generation and migrate from crop to crop as the season progresses
(Kelton, 1975; Cleveland, 1982; Snodgrass, Scott & Smith, 1984). During the
monitoring carried out during this study, lygids were far more numerous later in the
season, when flowering was almost complete and the crop was predominately green.
Whereas early in the season the bugs were seldom caught on the flowering crop but
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were plentiful on nearby spring green and cabbage crops. This corresponds with
reports of Canadian phenology of Lygiis spp. on oilseed rape crops. Both Gerber &
Wise (1995) and Timlick, Turner & Wise (1993) reported that lygids were first
recorded on oilseed rape in early July, coinciding with the dispersal of first generation
adults from early season hosts such as alfalfa and strawberry crops. Both studies
reported that lygus numbers were very low on oilseed crops during flowering.

This absence of lygid populations early in the season would suggest that lygids would
provide poorer pod-access than C ussimi/is. The first and second generations of
D. hrassicae are the largest, with increasing numbers entering diapause after each
generation. Because of their phenology, lygids would not be present to provide
oviposition access to the first generation of D. bra,icae. Although D. brass/cue may
oviposit on young undamaged pods and those damaged by wind, disease and other
phytophagous organisms, without an abundant damage provider such as C. ass/mi/is
populations are extremely unlikely to reach economically damaging proportions. The
resultant low levels of first generation D. brasicue oviposition would lead to lower
abundance of subsequent generations when lygid damage is available. In addition, if
D. hrassicae larvae are indeed feeding upon C. ass/in//is eggs, as suggested in Kelm
ci cii. (1994) and Ferguson ci' cii. (1995), then D. brassicue
would be further

disadvantaged by the weevil's absence.

In summary, if D. brass/cue were to be introduced to an area where C. ass/in//is was
not present its abundance would be dependent upon the local composition and density
of polyphagous rape damaging species, in conjunction with disease and weather
damage. It is generally considered that the failure of a female to lay her full
compliment of eggs is an important limiting factor in population growth. For example,
Dempster (1983) considered the effect of various mortality agents in Lepidoptera and
concluded that the largest single factor was the failure of females to lay all of their
eggs. Therefore, although it is probable that D. brass/cue would persist, populations
are extremely unlikely to be economically damaging without the abundant,
phenologically suitable damage provided by (7. ass/mil/s.
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6.2.5) Sumrnay
In summary, local biotic factors encountered by introduced populations of the pest
species under study may have the ability to severely modify abundance in climatically
suitable areas. For example, where oilseed rape is not grown, or, in the case of
D. brass/cue, where pod access of the level afforded by C. ass/nil/is is not available.

In addition, where climatic suitability is sub-optimal the status of other abundance
modifying factors may decide whether or not the species persists at all. In contrast,
where all factors are favourable for population increase at a comparable level as that
found in Europe, the freeing from indigenous natural enemies that is conferred by a
move to a new continent may result in higher population levels occurring than in the
native range.

6.3) Global predictions of climatic suitability and colonisation potential
6.3.1) Introduction
In this section, the parameters assigned to describe the climatic response of both
C. (rss/n//is and D. brass/cue will be reiterated and compared, and the potential

distribution and injuriousness of D. brass/cue in Scotland will be considered. Finally,
predictions of global climatic suitability will be presented and integrated with the
predicted influence of the biotic range-influencing factors discussed in the previous
section, to produce estimates of colonisation potential for each species.

6.3.2) Parameter comparison
C. ass/rn//is and D. brass/cue's predicted European ecoclimatic index (El) values are

presented overleaf for the both the CLIMIEX and interpolated meteorological
databases (Figures 6.5 and 6.6 respectively). The values predicted for the two species
are very similar, with the magnitude of El being almost identical at most locations.
The main areas of deviation are the greater El values predicted for D. brass/cue in the
far north of the distribution, and for C ass//ni//s in the far south. This is due to a
lesser relative accumulation of cold and heat stress towards the northern and southern
extremes of the range respectively.
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Figure 6.6 El values generated for CL ass/mi/is and D. hrass/cae at 1469 interpolated European locations

The El values generated predict a very similar climatic response for both C. ass/mi/is
and D. brass/cue in Europe. At those locations where only one of the species has a
positive El, the magnitude of that value is generally very low (almost exclusively
below 10). Therefore if the species indicated does persist, populations are likely be
marginal. Such a correspondence would be expected, in so far as it is generally
accepted that climate is usually the principal factor determining the geographical
range of poikilothermic species (Andrewartha & Birch, 1954,- Edwards & Heath,
1964), and both species have very similar European distributions. However, there is
some variation in the composition of the controlling climatic factors between the two
species. The parameter values describing the climatic response of C. a.csimiiis and
D. hras,sicae are presented in Table 6.2.

Table 6.2 CLIMEX parameter values describing the climatic response of
C ass/mills and D. brassicac
Temperature Indices
Parameter
Cold stress threshold
Cold stress accumulation rate
Limiting lower temperature
Lower optimal temperature (mean)
Upper optimal temperature
Limiting upper temperature
Heat stress threshold
Heat stress accumulation rate

C. ass/mi/is
-5
0.0005
11
12.5
25
36
30
0.002

Value (°C)
D. brass/cue
-5
0.0004
12.5
12.5
25
32.5
30
0.005

Moisture Indices
Parameter

Dry stress threshold
Dry stress accumulation rate
Limiting lower soil moisture
Lower optimal soil moisture
Upper optimal soil moisture
Limiting upper soil moisture
Wet stress threshold
Wet stress accumulation rate

Value
(% soil moisture capacity)
asslinilis
D. brass/cue
20
10
0.01
0.05
10
5
20
10
90
150
250
250
250
250
0.002
0.002

The temperature parameters describing both the northern boundary and the optimal
core of distribution of the two species are the same. The only exception is the rate of
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cold stress accumulation which is lower in the case of D. brass/cue, reflecting the
uncertainty of the relationship between overwintering mortality and sub-zero
temperatures

However, at the southern boundary of distribution, a differential climatic response
between the two species is displayed. C. ass/nil/is was found to be more tolerant of
high temperatures than D. brass/cue, with a proportion of individuals, albeit very low,
completing development at the highest of the five experimental temperature regimes
(fluctuating 25/35 °C). In contrast, all stages of D. hrassicae displayed 100 %
mortality at this regime. This is reflected in differences in the upper thermal
developmental limit and heat stress accumulation rate. Despite this difference in
temperature tolerance, the predicted southern boundary of both species is very similar.
The factor determining this correspondence in boundary is the differential response of
the two species to low soil moisture conditions. C. assirnilis pupae showed much
greater mortality at low soil moisture regimes than D. brass/cue, and this is reflected
in the latter species' lower values of lower limiting and optimal soil moisture
parameters and dry stress threshold.
In summary, D. brass/cue displays less response to variation in soil moisture than
C. as.imiIis, but is less tolerant of high temperatures. The increased moisture index
and decreased dry stress accumulation associated with

D. brass/cue offset the

increased temperature index and decreased heat stress accumulation of C.

ass/ni//is,

resulting in correspondence of their southern boundaries. As hot and dry conditions
are inter-related within the species' European range, and as the other parameters
describing the species' climatic response are of a similar order, the predicted Els of
both species are of a similar magnitude. However, in areas where hot and dry
conditions are not necessarily always associated with one another, i.e. tropical areas,
different levels of climatic suitability of locations may be displayed between the two
species.
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6.3.3) Climatic suitability of Scottish

locations for D. brassicae

populations
One of the initial aims of this project was to determine the extent of both the current
and potential distribution and injuriousness of D. hrassicae populations in Scotland.
The species is not considered to be a common or damaging pest of Scottish rape
crops (Coil, 1991), although it has been so in England for many years, and little was
known about its Scottish distribution. The sampling carried out during this project,
and reported in Chapter 2, found that D. brass/cue was widespread throughout
Scotland, but was most common and abundant in crops in the south-east of the
country. It was hypothesised that this pattern of distribution was most likely to be
consistent with population spread north from England, rather than being governed by
climatic variables. This hypothesis is supported by the results of the experimentation
implemented in Chapter 5, i.e. there is no climatic variable which limits Scottish
D. brassicue population increase differentially from English populations. Figure 6.7
displays the predicted El values for both D. brass/cue and C. ass/mi/is at UK
locations.
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In both species, there is little difference between El values predicted for England and
Scotland. The mean El for D. hrassicae in mainland Scottish locations is 43.4 (± 0.8)
and for England 50.7 (± 0.6). The greater magnitude of the mean English El value
corresponds with the higher temperatures associated with the southern half of the UK.
Therefore spring emergence occurs earlier in the season and the optimal
developmental limit is also attained earlier than in Scotland. However, even though a
longer developmental season is afforded at English locations, this is not enough to
allow any more generations of D. brasicae to be undergone per season than at
Scottish locations, and therefore populations are likely to be of a similar magnitude in
both countries.

England has a longer history of rape cultivation ihan Scotland. There has been largescale English rape cultivation since the early 1970s, whilst Scottish rape production
did not start until the early 1980s, and it was not until the late 1980s that it was
established as a widely grown crop (Anon.. 1995a). D. hrassicae is a poor flier, no
more than 0.4 to 1 km is flown per generation (Sylvén, 1970; Hornig, 1981; Winfield,
1992). Therefore range expansion is likely to be a slower process than in the more
robust C'. assiniilis, whose greater dispersal potential has resulted in its omnipresence
in Scottish rape crops.

In summary, the results of the experimentation reported in Chapter 5 clearly show that
there are no climatic factors, thermal or moisture related, which would limit

D. bra.'.sicae populations in Scotland. Therefore D. hrassicae populations are likely to
continue to increase in magnitude and distribution within Scotland, becoming an
increasingly important pest throughout the country in the future.

6.3.4) Global predictions
The parameters assigned to describe the climatic response of both C. ti.ysinfili.V and

D. hrassicae will be used to predict areas outwith their current range which are
climatically suitable for population persistence. Within climatically suitable areas,
other factors pertinent to the potential range and abundance of the species will also be
considered and overall colonisation ability estimated.
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The colonisation potential of a species describes its ability to establish itself in a new
area if it were to be introduced, the term is synonymous with pest risk assessment.
There are two main components of colonisation potential prediction; firstly, would the
species survive, and secondly, would the species be capable of reaching economically
damaging levels. All relevant factors must be considered when estimating a species'
potential response to introduction to a new area. It is easier to rule areas out than to
predict abundance in areas where the species is likely to persist. A species will not
persist where climatic conditions are unsuitable, e.g. both Canada and India are
responsible for between 20 to 30 % of world oilseed rape production, but neither are
climatically suitable to support populations of the pest species under study due to
their intolerance of very low and high temperatures respectively (Figure 6.8). Nor will
a species persist where suitable hosts are not present, e.g. monophagous cotton or
tobacco pests would not persist in the UK. In areas where the species is predicted to
survive, it is not possible to exactly quantify the presence and relative importance of
the controlling factors in the new ecosystem, nor how a population will react to them.
However, an estimate of the suitability of the area for the introduced population, and
the probability of the pest becoming damaging, can be made by considering the
probable influence of the main abundance modifying factors. Whilst it is not possible
to exactly predict a species' response to the new environment an approximate guide
can be constructed, which allows an estimation of the pest's possible survival
prospects and injuriousness in a new area.

The El indices generated for all 2090 world-wide locations within the CLIMEX
meteorological database are presented in Figure 6.8. In addition to the species'
indigenous range in Europe, areas which are climatically suitable to support
populations of C. us.si,nilis and D. hraicae are predicted in; North America,
Australia and New Zealand, South America, eastern Asia and selected regions of
Africa. The predicted climatic suitability of each area will be considered individually.
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North America
The El values generated for both species in North America are displayed for the
CLIMEX and interpolated databases in Figures 6.9 and 6.10 respectively.
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The mean predicted El values for locations in the United States are 25.1 (± 1.5) and
28.2 (± 1.6) for C. ass/mills and D. brassicae respectively. The low mean El values
reflect the wide range of climates within the country: the species accumulate cold
stress in the north, heat stress in the south and dry stress in the west. In Canada, mean
El values of 9 (± 1.5) and 12.4 (± 4.4) are generated for C assimilis and
D. hraxs'icae respectively, these reflect high cold stress accumulation throughout the
country.

The predicted North American distribution of C. assimilis and D. brass/cue is very
similar. In the north eastern stales and the Pacific Northwest of the US there is very
little difference in the magnitude of El values predicted. in the mid-northern states of
America, and in Canada. D. brass/cue El values are slightly higher than those of
C a,simi/is due to lesser cold stress accumulation, and in the south east of America
C assimiTh displays higher El values due to the weevil's greater tolerance of high
temperatures. In addition, in the mid-west, where rainfall is low, D. brass/cue's
greater tolerance of low soil moisture levels increases its predicted colonisation
potential. However, El values are not absolute, but relative to the species' climatic
suitability elsewhere in its range. Although El values cannot be directly compared
between species, the relative suitability of two species at a given location can be
compared, i.e. if one species is predicted to be abundant and the other marginal, or if
only one of the two species is predicted to persist. At no North American location is
the former scenario predicted, but at some locations only one of the species is
predicted to survive. However, at such locations the surviving species is always
predicted to be marginal. This is not always apparent from the El values themselves;
i.e. in the south eastern states (Mississippi, Alabama, Georgia, Florida) D. brass/cue is
precluded from most locations because the high summer temperatures in these areas
induce a combination of low temperature index values and high heat stress, whilst
C. ass/mills displays positive El values, in the region of 10 to 20. However, these
already low El values predicted for C. ass/mi/is populations are actually misleadingly
high. In southern states temperatures do not fall below the developmental threshold,
therefore positive temperature indices are recorded throughout the year, even though
the species undergoes diapause in the winter months. In addition, whilst the thermal
conditions are optimal during the winter months they are actually sub-optimal during

265

the hotter summer months and therefore ('. ass/mi/is populations are likely to be
extremely low (Figure 6.11).
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Figure 6.11 Weekly temperature indices (TI) generated for C ass/mi/is at
Thomasvil!e, Georgia (84 °N, 30.8 °W).
Therefore, even though the map of El values produced suggests that there may be
differential distribution of C. ass/mi//s and D. hrassicae within North America, the
predicted climatic suitability of the two species is of a similar order, and where
population survival is not anticipated for one species the persistence of the other is
always predicted to be marginal.

C ass/ni//is is known to be an important pest of US oilseed rape crops and is reported
to occur throughout the major oilseed rape production areas (Buntin el iiI., 1995;
McCaffrey, 1992). The reports of observed and predicted range and abundance within
North America were very similar, and were discussed in detail in Chapter 4 (section
4.9). Therefore this section will concentrate on the prediction of climatic suitability for
D. bra.si cue population persistence. The predicted El values generated for
D.
brassiccie at North American locations are displayed for the CLIMEX and
interpolated databases in Figures 6.12 and 6.13 respectively. Due to the lack of
locations in the CLIMEX North American database, the interpolated database is more
useful when assessing the pattern of the species' potential distribution.
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In Canada, D. hrass/cae is only predicted to persist in southern British Colombia and
Alberta in the south west of the country. Elsewhere cold stress precludes its survival,
and even where persistence is predicted, in all but the most southerly locations El
values are low and forecast population persistence at non-economically damaging
levels. As discussed in Chapter 5, experimental investigation of the relationship
between D. brassicae larval overwintering survival and sub-zero temperature would
be advisable to elucidate this relationship and increase confidence in the predictions
made. However, inference from the European distribution would suggest that the
action of overwintering mortality may actually be underestimated and, therefore, the
Canadian El values presented may be overestimated. In addition, C. ass//ni/is is only
present in the extreme south of British Colombia, therefore even if D. hras'icae
populations were capable of surviving outwith this area, they are unlikely to ieaeh
economically damaging levels.

In the US, The highest El values are generated in the north-east of the country. The
states which are predicted to be most climatically suitable for D. hra.sicae persistence
are as follows (mean El in brackets): Illinois (45 ± 4. 1), Indiana (44.3 ±

1.5),

Kentucky (49 ± 0), Michigan (40.4 ± 3.7), Missouri (48 ± 3.2), New York (44
± 0.40), North Carolina (69.5 ± 8.5), Ohio (47.5 ± 0.8), Pennsylvania, Tennessee (38
± 0) and Virginia (57 ± 2.7). These El values are similar to those displayed in the core
areas of European distribution, where economic damage is reported.

The second most climatically suitable area is predicted to be in the Pacific Northwest;
e.g. Washington (38 ± 7.8), Oregon (36.9 ± 5.7), Idaho (22 ± 8) Montana (27.2
± 2.4) and California (14 ± 6.1). Although the mean El values are somewhat lower
than those predicted in the north east, the coastal regions of California, Washington
and Oregon display El values in the high 50s and 60s, values are reduced in their
inland regions due to dry stress. However, irrigation is common in inland arable areas
of these states (Royen, 1954), and where irrigation is applied the predicted El values
will be an underestimation of 1). brassicae's potential persistence. The Rocky
Mountain range passes through Idaho and Montana and the overall El is reduced by
the high cold stress accumulated at those locations at high altitudes. Again the low
altitude location indices are around 40 to 50, similar to those displayed in mainland
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Europe. The low El values in the north west states of Utah and Wyoming also reflect
their mountainous topography. In the mid-west states of Nevada and Arizona both
heat and dry stress are near, or above, the lethal limit in most locations. In the midnorth, cold stress accumulation reduces El values in North Dakota

0 1 ± 2. 1), cold

stress progressively lessens to the south; South Dakota (25.3 ± 3) and Nebraska (32 ±
3.7).

The predicted pattern of temperature-driven phenology in all of the aforementioned
areas is the same as that observed in Europe, i.e. temperatures are below the
developmental threshold during winter months, becoming positive and initiating
emergence in the spring (Figure 6.14). Whereas those locations in the coastal regions
are thermally optimal throughout the summer months, some inland and southern
locations within the climatically favourable zone exceed the upper optimal limit, whilst
remaining within the developmental limit, during the hottest months (Figure 6.14).
This slight deviation from the thermal optimal will occur during the second and third
generations of D. hra,s.sicae and is extremely unlikely to prevent the species attaining
economically damaging levels.
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Figure 6.14 Monthly temperature indices indicatilig the phenology of
D. hrassicae in Cambridge in the UK, and in Seattle and Youngstown in the
United States
269

In the far south of the United States (Texas, Oklahoma, Florida, Georgia, Louisiana,
south Carolina, and Alabama) high summer temperatures result in heat stress
accumulation and low temperature indices, precluding D. brussi cue population
survival at most locations. Although locations in the far north of the latter three states
do display positive El values, in the region of 30 or 40, these reflect the fact that
temperatures are optimal during the winter months, yet are sub-optimal during the
summer, and therefore populations are likely to be of low abundance in these areas.

In summary, locations throughout the north east and Atlantic Coast, and in the Pacific
Northwest of the US are climatically suitable to support economically damaging
populations of D. brussicue. This pattern of climatically suitable locations mirrors the
distribution of US oilseed rape cultivation (Royen, 1954; McCaffrey, 1992). Largescale US rape cultivation is fairly recent but the crop is increasing in popularity
amongst US farmers. The total area planted to rape doubled from 361,400 to 734,200
acres between 1994 and 1997 (FAOSTAT Database). Both winter and spring forms
of rape are grown, predominately winter rape is grown in the west and spring rape in
the east, however, both forms are cultivated in many regions (Weiss, 1983; Boyd &
Lentz, 1994). In addition to widespread rape cultivation, (

ass/in//is is also prevalent

throughout the United States, and therefore D. brass/cue population increase will not
be constrained by a deficit of pod access sites. It is therefore apparent that, were
D. bra.sicc,e to be introduced to the United States, there would be no obstacles to
populations persisting and increasing to economically damaging levels. Indeed,
without the regulatory control of native natural enemies, and with all other factors
being equal, populations may increase to even greater levels than recorded in Europe.
Positive El values are also predicted for I). brass/cue at Mexican locations (mean El
15.9 ± 3.7). El values of 30 to 50 are generated for inland central regions (Figure
6.12). At these locations developmental thresholds are exceeded throughout the year
and are sub-optimal during the summer. Mexico cultivates oilseed rape on a very
small scale, 1,135 ha were grown in 1996 (FAOSTAT Database). However, the
region in which positive El values are predicted for D. brass/cue corresponds with the
mountainous interior, these high-altitude locations are cooler than the coastal
locations where lethal heat stress is predicted. As Mexico's agricultural land
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predominately lies in the latter area, D. brassicue populations are unlikely to be
damaging on Mexican oilseed crops.

In conclusion, the main rape production areas of the United States are climatically
suitable for D. brassicue population persistence at economically damaging levels. In
addition, both the composition of the winter and spring forms of rape cultivated, and
the widespread presence of C. assimilis would also contribute to the successful
colonisation of US crops by D. brassicae. The majority of Canadian rape production
areas are not climatically suitable for D. brassicue population persistence, excepting
locations in the southernmost regions of British Colombia and Alberta. Nor are
economically damaging populations predicted to survive on Mexican oilseed crops.

Australia and New Zealand
Positive El values were generated for both C assirnifis and D. hrassicae in New
Zealand and coastal Australia (Figure 6.15).
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Figure 6.15 El values generated for C. cissiiniiis and D. brassicae at 256
locations in Australia and New Zealand. The text denotes the mean El of each
area (red - C. ass/nn/is, blue - D. hrassicae).
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C. ass/rn//is and D. brass/cue's predicted Australasian distributions are very similar.
Positive El values are predicted in coastal south east and south west Australia, and
throughout New Zealand. Differences in El values are due to the species' previously
discussed differential tolerance to high temperature and low moisture conditions, but
there are no major differences in predicted climatic suitability between the species.

Mean overall Australian El values of 27.3 (± 2.1) and 32.5 (± 2.5) were predicted for
C. ass/mi/is and D. brass/cue respectively. The overall low El values received are a
consequence of the influence of locations in the extremely hot, dry interior of the
country. When the locations at which a zero El are predicted are removed mean
values were 50.2 (± 2.4) and 61.3 (± 2.8) for C. ass/ni/I/s and D. brass/cue
respectively.

Within Australia, positive El values are mainly found in the south east of the country,
in Tasmania, Victoria and New South Wales. Predicted climatic suitability is greatest
in coastal regions, with El values of up to 100. Locations in coastal Queensland,
coastal south Australia and the south west coast of Western Australia are also
indicated to be climatically suitable for population persistence. Inland areas and
locations in the Northern Territory are predicted to be unsuitable for population
survival due to lethal heat and dry stress accumulation. Large El values are also
generated for locations throughout New Zealand, especially for D. hrussicae, whose
El values are somewhat higher than C. ass/rn//is' due to its greater tolerance of high
soil moisture levels. However, both species display high El values throughout,
particularly in the North Island.

The high El values generated for both Australia and New Zealand predict that both
countries would provide climatically favourable environments for C. ass/rn/I/s and
D. hmssicae population persistence were the species to be introduced. In the species'
core indigenous distribution in mainland Europe, mean El values of between 40 and
60 are obtained. When the magnitude of El in these regions are compared with those
of 70 to 100 in Australia and New Zealand it would seem, on face value, that climatic
conditions are much more favourable in the latter areas, and therefore populations are
likely to be up to twice as damaging than in Europe. However, this is misleading as
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the high El values in Australia and New Zealand reflect that the temperature index is
close to optimal throughout the year, whereas in Europe only during the summer
months are temperatures above developmental limits (Figure 6.16).
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Figure 6.16 Weekly temperature indices and annual El index generated for
C. ass/mi/is populations in Leipzig, Germany and Nowra, Australia.
Both C ass/ni/I/s and D. brass/cue undergo obligate diapause. Bonnemaison
(1957)
was unable to prevent diapause in C. ass/in//is by varying photoperiod, humidity or
temperature and Ni el ul. (1 990) found that a minimum of 16 weeks of simulated
diapause conditions were needed to allow ovariole development upon subsequent
emergence. D. hrassicae enters diapause in increasing numbers after each generation
and can remain in diapause for up to three years. In addition, both species undergo
diapause in north western Morocco, where temperatures are always above the
developmental threshold (Lahmer, pers. comm.). In Europe both species are active for
approximately six months of the year (mid-April and mid to late September) and
therefore only during this time is the temperature index important in determining
climatic favourability. Therefore the presence of climatic conditions favourable for
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development during the diapause period does not construe an advantage. In
conclusion, although the El indices generated for the pest species' in Australia and
New Zealand indicate that the species are likely to be economically damaging if
introduced, their damage potential is not twice that of European populations. This
scenario also accounts for the greater El values predicted in New Zealand's North
Island. In the cooler South Island mid-winter temperatures drop below the
developmental threshold of the species, but these locations are no less climatically
suitable than those on the North Island which are always above the thermal threshold.

Oilseed rape cultivation is increasing in Australia, the area of rape planted quadrupled
from 107,109 ha in 1992 to 421,000 ha in 1996 (FAOSTAT Database). Australian
oilseed cultivation takes place in the medium-high rainfall areas of the wlieatbeli and
inland irrigated areas of southern Australia, in an arc from central NSW through
central and south-western Victoria, southern South Australia and the wheatbelt of
Western Australia (Matheson, 1976). Therefore, the main cultivation areas coincide
with those areas where the climate is predicted to be suitable for both C ass/rn//is and
D. brass/cue population persistence. Both winter and spring forms are grown, but
winter predominates (Weiss, 1983). Therefore if the

C assirn/lisli). hrassicae

complex were to be introduced, both species would be likely to increase to
economically damaging levels. As discussed in section 6.3.4, D. brussicac is unlikely
to reach economically damaging levels on oilseed crops if it were to be introduced
without C. ass/mills. Although other forms of damage could be utilised to allow
population establishment, i.e. that of the native rape damaging lygid, Nysius v//li/or,
the midge's damage potential and population increase will be limited.

Very little rape is grown in New Zealand, only around 2000 ha were grown in 1995,
and the majority of this cultivation took place on the South Island (R. Horesh, New
Zealand Ministry of Agriculture, pers. comm.). In addition, all rape is grown as a
forage crop for animal feed and not for oil production. Although other brassica seed
crops and wild crucifers may support pest populations, neither species is economically
damaging to crops cultivated for their foliage.
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In conclusion, the C. assimilis/D. brass/we complex is predicted to persist and
increase to economically damaging levels on Australian oilseed rape crops. Whilst
rape is not grown in New Zealand, the climate is very favourable for survival and it is
likely that low-level background populations would persist on cultivated and wild
crucifers, increasing in abundance if oilseed brassicas were cultivated in the future. In
Australia D. brass/cue population levels would be low if it were to be introduced
without C. assirnilis, and in New Zealand the midge may not persist at all.

Asia
Within Asia, positive El indices are shown for both D. brass/cue and C. ass/rn//is in
China, Japan, Korea and Indonesia (Figure 6.17). The climatic suitability of each area
will be discussed individually.
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Figure 6.17 El values generated for C. ass/mi/is and D. brass/cue at 361
Asian locations.
China
The El values generated for Chinese locations are presented in Figure 6.18. Mean El
is 21.1 (± 2.3) and 18.1 (± 2.6) for C. assiinilis and D. brass/cue respectively. China
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is one of the world's main oilseed rape producers, and was responsible for 31 % of
total world production in 1996 (FAOSTAT Database). Rape is grown in practically
all regions of China, however the majority of cultivation takes place in seven southern
central regions (Gizhou, Jiangsu, Hunan, Hubei, Sichuan, Jiangxi and Anhui) which
account for 76 % of the country's crop (coloured red in Figure 6.18).
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Figure 6.18 Oilseed rape cultivation and El values generated for C. ass/mi/is
and D. brassicc,e in China.
There are only 85 Chinese locations in the CLIMIEX database. This paucity of
meteorological data makes the interpretation of the species' climatic response
difficult, and patterns of climatic suitability of locations throughout the country are
not readily apparent. Of the 85 locations available, 21 are within the main rape
production area. The mean El values in these areas are 30 (± 3.2) and 21 (± 5.1) for
ass/nil/is and D. hrassicae respectively. The lower climatic suitability predicted for

hrassicae corresponds with its lesser tolerance of high temperatures, however this
is tempered somewhat by the midge's greater tolerance of high soil moisture levels.
At five of the locations D. brassicae populations are not predicted to persist because
of lethal heat stress accumulation, and heat stress is also amassed at most of the other
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locations within this area (Figure 6.19). (7.

ass/ni//is

also accumulates heat stress at

most locations and temperature indices are reduced for both species during the
summer months as temperatures are greater than the upper optimal limit. The high
summer rainfall characteristic of this area also reduces C. assirnilis' moisture indices
(Figure 6.19). Therefore, mid-summer climatic conditions in this region are suboptimal for both species.
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Figure 6.19 Weekly growth (GI), temperature (TI), moisture (MI) and heat
stress (HS) indices at a representative location within China's main rape
production area.
The phenology of the species can be predicted by comparing the mean meteorological
data for the locations within the region with the thermal response predicted by the
experimentation in Chapters 4 and 5. Using this method, it is predicted that

C.

ass/ni//is

pupation will occur in June, when both temperature and soil moisture are

above optimal levels, and heat stress accumulation is initiated. This suggests that
mortality will be significantly higher in this region than within the species' native
range. The mid-summer thermal conditions are even more severe for I). brass/ate
populations. When phenology is investigated it is predicted that no more than two
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generations are likely to survive, and thermal conditions would be sub-optimal for the
second generation. Therefore, although it is predicted that both species could survive
under such conditions, the climate in this region would ensure that population levels
were lower than in the species' native range, and both species are extremely unlikely
to attain economically damaging status.

The Chinese climate is not any more favourable outwith the main rape cultivation
area. The north of the country is very mountainous and receives little precipitation,
resulting in zero, or extremely low, El indices in these areas due to cold and dry stress
accumulation. In the far south, slightly larger El values are generated than in central
regions. However, these are artificially inflated by optimal conditions occurring during
winter months, when the insect is undergoing diapause, whilst summer temperatures
are above optimal. Therefore this region is no more suitable for the persistence of
C. ass/mi/is and D. brass/cue than the main oilseed rape cultivation area.

In summary, although the rape growing regions of China are predicted to be suitable
for both C. ass/nil/is and D. brass/cue
population persistence, the climate is suboptimal. High summer temperatures are likely to increase population mortality,
especially in regard to D. brass/cue,
and ensure that populations are less abundant
than in the species' native distribution. It is therefore very unlikely that such
populations would be of economic importance. As a consequence of this, if
D. brass/cue were to be introduced without C ass/mills,
the combination of increased
climate-induced mortality and the lack of a suitable pod access mechanism may
prevent the species' survival, lithe C assiinilis/D. hrassicae
complex was introduced
then persistence of populations at low-levels of abundance is predicted.
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Japan and Korea
Positive El values are predicted for both C. ass/ni/i/s and D. hrassicae at all Japanese
and Korean locations (Figure 6.20).
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The mean El values of C'. ass/rn//is and D. bras-s/cue are 47.2 (± 2.8) and 52.6 (± 4.1)
respectively in Japan, and 39.8 (± 2.3) and 49 (± 3.6) in Korea (North and South
Korea data combined). Both Japan and Korea have similar climates, which are cooler
than that of China, and correspond with those encountered by the species in their
European range. There is no stress accumulation in the Japanese and Korean
locations, with the exception of low cold stress accumulation in two locations in the
mountainous areas of North Korea. Summer temperatures are lower than in China and
are predominately within the optimal range for both species. Winter temperatures lie
below the developmental threshold and a similar pattern of phenology to Europe is
predicted (Figure 6.21). C. ass/ni//is' moisture index is reduced in some locations in
response to extremely high summer rainfall.
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Figure 6.21 Weekly temperature, moisture and growth indices generated for
D. hrassicae at Sapporo, northern Japan (43.1 °N, 141.3 GE).
Both Korea and Japan cultivate oilseed rape, albeit on a small scale (934 and 593 ha
in 1996 respectively (FAOSTAT Database)), and crops are exclusively winter rape
(Weiss, 1983). Both the pattern of temperature based activity and the resultant El
values generated for Japanese and Korean locations are similar to those found in
Europe and indicate that locations in both countries are climatically suitable to
support economically damaging populations of the C. assinillisiD. brass/cue complex.
Lygid species have been reported from Japanese oilseed rape crops (Hori & Hanada,
1970), and such polyphagous pest damage may allow D. hrassicae to persist were it
introduced without C. assinhi/is. However, as discussed earlier, D. brassicae is
unlikely to be economically damaging to oilseed crops in such a situation.

Indonesia
Positive El values are predicted at 10 and 7 of the 16 Indonesian locations for
C. ass//ni/is and D. brass/cue respectively. The predicted El values are low 06.9
± 5.1 and 12.3 ± 2.1 for C assimilis and D. brassicae respectively) as both thermal
and moisture indices are sub-optimal throughout the year. Indonesia does not produce
:i

any oilseed rape (FAOSTAT Database) and neither C'. ass/mi/is nor
D. hrassicae is
likely to persist under such conditions.

Africa
The ecocljmatic indices predicted for African locations are displayed in Figure 6.22.
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Four African countries cultivate oilseed rape ,Algeria, Morocco, Tunisia and Ethiopia
(16000, 600, 2000 and 152,000 ha respectively in 1996 - FAOSTAT Database). The
coastal regions of Algeria, Morocco, Tunisia, and the inner north-western region of
Morocco, are all predicted to be suitable for population persistence of both species.
This corresponds with the distribution of rape cultivation in these areas. Both
C. assimilj and D. brassiccie
are known to persist in Morocco, and C ass/mi/is has
also been reported from Algeria.

The majority of African oilseed rape cultivation takes place in Ethiopia. The mean El
values for Ethiopian locations are 23 (± 5.9) and 26 (±

7.5) for C. ass/mills and
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D. brassicae

respectively. Of the 18 Ethiopian locations in the CLIMEX database, ten

are predicted to be climatically-suitable for C. ass/nil/is population persistence and
nine for D. brass/cue persistence. At those locations where survival is not predicted,
the limiting variable is heat stress. Climates at Ethiopian locations do not vary greatly
in temperature throughout the year, and are, at those locations where survival is
between the upper thermal optimum and developmental limits of the species. This
region characteristically has two seasons; dry and wet. Neither of these extremes of
precipitation are conducive to the survival of the pest species under study. In both
species two soil-dwelling stages exist, pupation and diapause, and therefore in
Ethiopian locations both extremes of rainfall would be encountered within a yearly
life-cycle. There was no survival of pupae or overwintering insects of either species at
both zero moisture conditions and when excess water was present. The combination
of both the extremes of soil moisture and the above optimal temperatures make the
survival of either species unlikely, and were persistence to occur it would be at
borderline levels. Figure 6.23 displays the climatic response of both C. ass/nil/is and
D. hrass/cae
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A similar scenario to that described in Ethiopia is found in the locations displaying
positive El values throughout the east central African countries (Kenya, Tanzania, and
Burundi) In west central areas (Cameroon Congo, Angola and Gabon) El values are
even lower as temperatures are higher, and it is extremely unlikely that either of the
species would persist at any of these locations.

In contrast, mean El values at South African locations are 39.5 (± 3.1)
and 51.7
(± 3.6) for C a.ssim/l/, and D. hrassicae
respectively (Figure 6.24) Coastal El values
are close to 100, with both temperature and soil moisture being within the optimal
range for both species for most of the year. In the inland western areas heat stress is
responsible for the prediction of species' non-survival, in the eastern half of the
country temperatures are cooler and dry stress is limiting the of climatic suitability of
locations, whilst the precipitation pattern is not as extreme as in northern African
areas, very little rainfall is received in the winter months. The majority of South
Africa's arable land is in the south east of the country (Royen, 1954), and within these
areas climatic conditions are suitable to allow populations of both C. a.irniIis and
D. brass/cue to reach economically damaging levels.

Figure 6.24 El values generated for C. ass/mi/is and
South African locations

D. hrassicae at 116
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In summary, African locations in the extreme north and south of the country were
predicted to be climatically suitable for population persistence of both species. Whilst
in the central countries climatic conditions are sub-optimal and are unlikely to allow
the persistence of either species. Oilseed rape is grown in the north (Morocco, Algeria
and Tunisia) and both species are already known to persist in this region. Oilseed rape
is not grown in South Africa, however background populations would be likely to
persist upon wild and cultivated crucifers. As before, due to the scarcity of hosts,
D. hra.sicae

populations are likely to be marginal, and may not persist. were

C. ass/in//is not also present.

South America
The ecoclimafic indices generated for C'. ass/mi/is and
D. brassi cue at South
American locations are displayed in Figure 6.25.

Figure 6.25 El values generated for C.
U-s-similis and D. brass/cue at 102
South American locations.

There are very few South American locations in the CLIMEX database, only 102
compared to 709 in Africa. Therefore, it is difficult to comprehensively assess the
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climatic suitability and possible pattern of colonisation potential within this continent.
However, in general, positive El values are restricted to coastal regions as the interior
is too dry and hot to support populations. Where positive El values are generated,
they are predominately in the 40s and 50s, this reflects mean temperatures which
exceed the developmental threshold throughout the year, whilst mid-summer thermal
conditions are above optimal, and heat stress is accumulated. The only area in which
larger El values are predicted are those in Uruguay (78.6 ± 2 and 85.4 ± 2.8 for
ass/nil/is and D. brass/cue respectively).

Oilseed rape is grown in Argentina, Brazil and Chile; however, cultivation is low
(9000, 20,000 and 18,000 ha in 1996 respectively, FAOSTAT Database). Mean El
values in these countries are also low (Argentina, 25.8 ± 7.6 and 27.3 ± 8.0; Brazil,
26 ± 5.9 and 28.7 ± 6.6; Chile, 30 ± 6.0 and 31.9 ± 8.1 for C. ass/in//is and
brass/cue

respectively) and indicate that populations would not attain economically

damaging levels.

In conclusion, introduced populations of both ('. ass/mi/is and D. brass/cue are likely
to be marginal in areas where rape is cultivated, due to climatic unsuitability for
optimal population increase. Oilseed rape is not widely cultivated in South America
(57,000 ha in 1996, FAOSTAT Database) and because of the relatively low climatic
suitability of locations it is unlikely that populations would persist outwith rape
cultivation areas. In addition, it is also unlikely D. hrassicae would persist without the
presence of C. ass/ni//is. More confidence could be placed in these predictions if
interpolated meteorological data were available for this area.

6.3.5) Summary
In summary, outwitli their native range neither C. assini/lis nor D. hrassicae
constitute an economic thereat to the main rape producing areas. Europe, China,
Canada and India cumulatively produce around 80 % of the world's oilseed. Whilst
the C. assirnilis/D. brass/cue complex would be able to persist in China, it is most
probable that they would do so at non-economically damaging levels. Both species are
precluded from persistence in Canada and India due to their intolerance of very low
and high temperatures respectively.
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The areas outwith ('. ass/nil/is and 1). brass/cue's indigenous range which were
predicted to be climatically suitable for population persistence were; North America
(United States), Australasia (Australia and New Zealand), Asia (China, Korea and
Japan), Africa (locations throughout) and South America (locations throughout).

Of these areas, those which are climatically suitable for optimal population increase
and establishment of economically damaging population levels are: the United States,
Australia, New Zealand, Korea, Japan and South Africa. In all other areas climatic
conditions are sub-optimal and likely to lead to increased mortality.

These predictions of climatic suitability are ftirther modified by other abundance
determining factors. For example, neither New Zealand, South Africa, nor many of
the South American countries produce oilseed rape. Therefore in such areas a lack of
host plant availability will reduce the colonisation potential of the introduced species.
Where climatic suitability is high (New Zealand and South Africa) populations may
still persist, creating a background populations which could increase to damaging
levels were oilseed crops to cultivated in the future. In the case of South America,
where a lack of suitable hosts is combined with sub-optimal climatic conditions and
the associated higher mortality, an introduced population is less likely to persist.

Therefore, the C. assirn/lisiD. brass/cue complex would be likely to reach
economically damaging levels on oilseed rape crops in; North America (('. ass/ni//is
already present), Australia, Japan and Korea and to persist at lower levels in China,
South Africa, New Zealand and South American countries where oilseed rape is
cultivated. Populations are less likely to persist in non-rape growing South American
countries. In areas where persistence at sub-damaging levels is predicted, microclimates within countries may provide pockets of damaging populations. In addition,
temporal variation in climate could lead to populations attaining damaging levels in
years when climatic conditions were more suitable.

The potential range and abundance of D. brass/cue as an introduced pest, is likely to
be further constrained by the absence of C. ass/m//is, upon whose damage the midge
relies for oviposition. C. ussirnilis is already present throughout the major oilseed
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cultivation areas of the United States, therefore the predicted high colonisation
potential off). brassicae in the United States is assured. Elsewhere in D. hrass/cae's
climatically-determined potential range the absence of C. ass/mi/is is likely to reduce
the potential of the midge to persist in an area into which it has been introduced. For
example, in areas where all other factors are favourable for population increase i.e.
Australia., Japan and Korea, D. hra.sicae is not likely to reach economically damaging
levels. Whereas in areas where population increase is already impeded by other
factors; China, South Africa, New Zealand and South America, the species is less
likely to survive.

6.4) Discussion
As stated earlier in the chapter, it is not possible to exactly quantify the presence and
relative importance of the survival and abundance influencing factors in a new
ecosystem, nor how a population will react to them. An estimate of colonisation
potential can be gained by considering the probable influence of the main abundance
modifying factors in each area. Using this method, the investigations implemented
herein allow the assessment of the suitability of an area for population persistence, and
the probability of that population attaining damaging levels. However, there are many
factors which cannot be predicted and which may differentially influence populations
in areas for which predictions have been made. For example, species' acclimatisation
may reduce the injuriousness of above-optimal temperatures in areas such as China,
allowing populations to become more damaging than predicted in this analysis.
Alternatively, the effect of high temperatures on diapuasing insects has not been
investigated, and it is possible that mortality may be greater when temperatures are
above the developmental threshold throughout the year, i.e. in Australia or South
Africa, thus reducing damage potential in these areas. In addition, the phenology of
the species in country of introduction may not be the same as in the country of origin.
Although in both species diapause is obligate, the phenolgy in the new area is very
much dependent upon the timing of the introduction, and the developmental stage of
the insect at that time. Whilst univotine species such as C. ass/ni//is are less likely to
deviate greatly from their native phenology, the response of the multi-voltine

D. hrassicae is more difficult to predict. D. brass/cue diapause is thought to be
initiated by a combination of temperature and solar radiation (Axelsen, Fink & Kjaer,
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1997) and the timing of attainment of the initiating factors may vary according to
continent. In addition, D. brass/cue can remain in diapause for up to five years
(Ankersmit, 1956; Sylvén, 1949; Williams et at, 1987a). If the population were to be
introduced whilst in diapause it is impossible to predict the timing of emergence.

In summary, although the main range and abundance-modifying factors have been
considered, it is impossible to give definitive predictions of a species' response to
introduction to a new continent, it is intrinsically difficult to achieve precision in
ecological analysis because of its very nature, and as discussed in Chapter 1,
increasing the research effort would not necessarily increase the precision of the
predictions made. I believe that the work undertaken in this study represents a
pragmatic yet scientifically valid approach to estimating the potential range and
colonisation ability of an insect species, providing a scientific basis on which to base
predictions without exhaustive, and possibly superfluous, research effort.

6.5) Surninaty
In summary, the climatic profiles constructed in Chapters 4 and 5 were used to predict
the potential climatically controlled range of C ass/mills and D. brass/cue. The biotic
factors within each area predicted to be climatically suitable for population persistence
were also considered, and the colonisation potential of each species estimated.

Within the UK, there are no obvious factors limiting D. brass/cue population increase
in Scottish oilseed rape crops. Therefore the species' greater abundance in the south
east of the country is most likely to be a consequence of its migration from England.
Globally, it is predicted that neither C ass/tn//is nor D. brass/cue constitute an
economic threat to the major rape cultivation areas of the world, i.e. India, Canada
and China, due to climatic unsuitability for their survival in the former two regions,
and for population increase to economically damaging levels in the latter. The
C assitnilisiD. brass/cue complex is predicted to have the potential to colonise the
United States (('. ass/mi/is already present), Australia, Japan, Korea, New Zealand,
China, South Africa and South America. However, populations are only likely to
attain damaging levels on oilseed rape crops in the first three countries listed. In New
Zealand and South Africa populations would have the potential to increase to
MW

damaging levels were oilseed rape to be cultivated in the future. Whilst in China and
South America populations are likely to be of little importance due to sub-optimal
climatic conditions. C. avsimilis has a greater colonisation potential than D. brass/cue,
which is dependent on the presence of C. assirnilis to reach economically damaging
levels.
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Chapter 7
Thesis discussion and conclusions
7.1) Introduction
In this final chapter, the aims of the project will be reiterated and summarised results
presented. The methods implemented during the study will be discussed, and areas
requiring further investigation will be considered. Finally, the practical applications of
the work presented will be discussed.

7.2) Aims and conclusions
The overall objective of this project was to investigate the potential range of three
species of oilseed rape pest: C. ass/mi/is (cabbage seed weevil), D. brass/cue
(brassica pod midge) and P. chrysocephala (cabbage stem flea beetle). To meet this
objective the study was split into three distinct areas, each of which will be discussed
individually:

To investigate the current range, abundance and phenology of C.

ass/mi/is,

D. brass/cue and P. chrysocephala in Scotland.

To investigate the factors determining the current European range and abundance
of all three species, and to quantify their climatic response.

• To estimate the species' potential range and colonisation ability world-wide, and,
in doing so, predict the potential range and injuriousness of D. brass/cue and
P. chrysocephala in Scotland.
Investigation of the current Scottish distribution, abundance and phenology of all
three species.
The objective of this aim was primarily to investigate the Scottish distribution of
D. hrassicae and P. chrysocephala, both of which are widespread and injurious on
oilseed rape crops in England (Alford, Cooper & Williams, 1991) but are not
considered to be common pests of Scottish crops (Coll, 1991), nor are their Scottish
distributions well documented. In addition, the abundance and phenology of all three
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species was also investigated to provide information relevant to the investigation of
their climatic response

Eight monitoring regimes were carried out over the three year project, including both
country-wide and intensive sampling initiatives, which were designed to accommodate
the life cycles of all three species. Of the three species, only C.

ass/nil//s was

ubiquitous in the crops monitored. The weevil was widespread throughout Scotland,
and no variation in spatial density was detected. Scottish C. assirni/is abundance and
seasonal phenology was similar to that reported in England.

D. brassicac populations were also found to be widespread throughout Scotland,
however this species was not omnipresent on the crops monitored, and abundance
was greatest in the south-east of the country. It was hypothesised that this pattern of
distribution was consistent with population spread northwards from England, rather
than being influenced by a covariate of latitude i.e. daylength or temperature. Both
larval infestation levels and plienology of D. brass/cue in south east Scotland were
similar to that reported in England.

P. chiysocephala has been reported to be widespread throughout lowland Scotland
(Foster, 1986). However, the beetle was not detected during any of the sampling
regimes implemented during this project, despite four of those regimes being
specifically targeted at this species. Clearly, the results of the monitoring indicate that

P. chiysocephalu is not an abundant or economically injurious pest of Scottish oilseed
crops at the present time. A consequence of?. chrysocephala's absence during
sampling, combined with the low population levels concurrently reported from
England, is that it was not possible to obtain sufficient numbers of the beetle to allow
experimental investigation of its climatic response. P. chrysocephula is present only in
Europe (Lamb, 1989; Hill, 1987) and therefore no other data is available to validate a
CLIMEX model based on inference. Without either relevant experimental data or a
means of validation to support inference from observed distribution and abundance,
confidence could not be placed in predictions made for this species. Therefore, further
investigations concerned only C. ass/mills and D. hrassicae.
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Investigation of the factors influencing the current native distribution and abundance
of each species, and estimation of the relative importance of those factors
Initial investigations were made by reviewing information in the literature pertaining
to the distributional limits and relative abundance of each species, in an attempt to
ascertain the factors responsible for the observed distribution. In both species it was
impossible to infer the composition and relative importance of the controlling factors
from observational data, as, although the pattern of abundance suggested that the
relative magnitude of populations was under thermal control, it also corresponded
with rape cultivation patterns. Therefore experimental investigation of the climatic
response of each species was undertaken. The experimental regimes implemented
were designed to elucidate the thermal and moisture-related climatic limits and
optimals for each species within their European range. The experimentation was also
designed to be used in conjunction with CLIMEX, so that the resultant data could be
used to predict climatic suitability in areas outwith the species' native distribution. All
CLIMEX parameter values were primarily based on the results of experimentation,
with the exception of cold stress, which was inferred from observational data. The
climatic response generated from the experimental data was corroborated by reports
of distribution, abundance and phenology in the literature, increasing confidence that
parameters were realistically set. In addition, the parameters assigned to describe the
climatic response of C. assirn i/is displayed a close correspondence between the
predicted and reported distribution, abundance and seasonal phenology of the weevil
in North America. Therefore, it was apparent that the European distributional limits,
and relative abundance within the range, are indeed predominately influenced by
climate and that other factors, such as magnitude of rape cultivation, the composition
of annual and biennial forms grown, and the rape cultivation history of the constituent
countries can be considered to be of secondary importance.

Prediction of the estimated world-wide potential range and colonisation ability of the
species
The CLIMEX parameters assigned to describe the climatic response of C. assimilis
and D. brassicae were used to predict the potential, climatically suitable, world-wide
range of each species. The role of other range modifying factors, such as host
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availability, presence of parasites and, in the case of D. brass/cue, the presence of a
pod access mechanism, were also investigated. The relative influence of the biotic and
abiotic factors were considered and the overall world-wide colonisation ability of each
species was estimated.

The resultant predictions suggest that, outside their indigenous range, neither
C. ass/mi/is nor I). brass/cue present an economic threat to the major rape cultivation
areas of the world, due to climatic unsuitability for either survival or adequate
population growth rate to allow the development of economically damaging
populations. China, Canada and India cumulatively account for around 60 to 75 % of
world oilseed production (FAOSTAT Database). Whilst the C. ussimilislD. brassicae
complex is predicted to persist in China, it is unlikely that it would do so at
economically damaging levels. Both species are precluded from persistence in Canada
and India due to their intolerance of very low and high temperatures respectively.

However, the C. ass/rn i/is/D. hrassicae complex is predicted to have the potential to
colonise the United States (C. ass/mi/is is already present), Australia, Japan, Korea,
New Zealand, China, South Africa and South America. Of these areas, optimal
climatic conditions occur in Australia, Japan, Korea, New Zealand and South Africa.
Oilseed rape is cultivated in the former three countries and introduced populations
would be likely to attain damaging levels. Rape is not cultivated in New Zealand and
South Africa, however background populations would be likely to persist, which
would have the potential to increase to damaging levels should oilseed rape be
cultivated in the future. In Chinese and South American crops, populations are likely
to be of little importance because of the regulatory role of sub-optimal climatic
conditions.

C assiinilis has a greater colonisation potential than D. brassicue, which is dependent
on the presence of C. ass/mi/is to reach economically damaging levels. Therefore only
in North America, where C. ass/mi/is is already present, would D. brassicae be
economically damaging if introduced alone. In addition, in areas where other factors
are not conducive to population increase, i.e. where climates are sub-optimal (China
and South America) or where abundant hosts are not available (New Zealand and
,-' r\

South Africa), D. brass/ate populations are unlikely to persist without the presence of

( _'. ass/in//is

In addition to predictions of world-wide suitability, these investigations have also
shown that there are no climatic or biotic factors which would limit D. hrassicae
population persistence at economically damaging levels within Scotland. Therefore, as
hypothesised in Chapter 2, the current pattern of distribution and abundance of

D. hrassicae is attributable to spread from England, corresponding with the midge's
weak dispersal potential and the relatively recent increase in Scottish oilseed rape
production. Therefore, D. brassicae populations are likely to continue to increase in
magnitude and distribution within Scotland, becoming an increasingly important pest
throughout the country in the future.

The absence of P. chiy.socepha/a from the sampling regimes implemented during this
project is more difficult to explain. P. chiysocep/iaia's European distribution is very
similar to that of both C. ass/mi/is and I). hrassicae; i.e. northern and southern
boundaries of distribution in Scandinavia and northern Africa respectively
(Bonnemaison & Jourdheuil, 1954; Bromand, 1990), although in contrast to

C. ass/mi/is and D. hrassicae, no clear core distribution is apparent, with localised
damaging outbreaks reported throughout the range. As climate has been found to be
the dominant factor in the distribution of both C. ass/m///s and D. hrassicae, and as
both species have displayed a similar climatic response, one might assume that the
predicted climatic response of P. chi- socephaIa is also similar to that of the species
investigated. However, the shared phenology of C. ass/mi/is and D hrassicae is
different from that of P. chrysocepha/ci, i.e. whilst both of the former species diapause
during the winter months, P. chrysocephala is active in winter and undergoes
aestivation in mid-summer. Therefore, the beetle's tolerance of both extremes of
temperature is likely to be influenced by this differential pattern of dormancy, and it is
not possible to extrapolate climatic response from the winter-diapausing species.

There is no obvious factor limiting P. chiysocephala's Scottish distribution. The
beetle is economically important in England, and has been reported to have been
present in Scottish crops for at least 20 years, albeit at very low levels (Foster, pers.
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comm., unpublished data). The lack of increase of flea beetle populations, and their
continued marginal presence on Scottish crops despite large-scale rape cultivation
increase over the last 15 years, would suggest that the species' abundance is limited in
some way. There is no climatic factor which is exclusively limiting in Scotland. Nor
are there any differences in host abundance or variety which would provide an
explanation for the beetle's unimportance on Scottish crops. English levels of beetle
infestation decreased dramatically between 1990 and 1995, during which time the
percentage of crops requiring insecticidal treatment for P. chiysocepha/a decreased
from 90 % to 20 %, this is attributed to repeated use of autumn insecticides (Johnson,
1995). However, Scottish winter rape crops are not routinely sprayed in the autumn.
Autumn insecticides, primarily cypermethrin, are applied solely for the control of
aphids and only 1.5% of crops were sprayed for that purpose in 1994 (Anon, 1995b).
It therefore seems unlikely that a similar scenario has been responsible for a reduction
of P. chrysocephala levels in Scotland. One possible explanation, or contributing
factor, to P. chrysocepha/a's low levels in Scotland in comparison to English
populations, may be that the slower rate of development associated with lower
temperatures leads to an increase in mortality by natural predators, of a sufficient
magnitude to suppress populations. However, in summary, it is not clear why

P. chrysocephala has not increased to damaging levels in Scottish rape crops as it has
in England, where the beetle rapidly moved into new areas as rape cultivation
increased (Williams & Carden, 1961; Graham & Alford, 1981; John & Holliday,
1984), and further investigation is needed to clarify the current Scottish distribution
and abundance of this species and its controlling factors.

7.3) Discussion of methods implemented
The rationale underlying the CLIMEX simulation system is the assumption that the
distribution of an ectothermic species is dominantly determined by climate. The
program is designed to forgo the need for in-depth experimentation of a species'
climatic response in order to make predictions of potential range, and yet provide a
more sophisticated tool than simple climate matching. The authors suggest that all
initial parameters should be fitted by inference from reports of distribution, abundance
and relative phenology throughout the range, and then fine-tuned by experimental
data available from the literature (Skarratt et al., 1995).
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Clearly there are limitations in a description of climatic response which is reliant upon
inferred parameter values. Although climate was found to be the dominant factor
controlling the distribution and abundance of both ('. ass/nil/is and D. hrassicae, the
composition of the controlling climatic factors differed between the two species.
Although both the observed and predicted southern European distributions of each
species were very similar, this correspondence was a result of I). hrassicae's greater
tolerance of dry soil conditions than C. ass/in//is, which offsets C. ass/ni//is' greater
tolerance of high temperatures. Had the experimentation highlighting this differential
response not carried out, the distribution of both species would have been attributed
to thermal control. Such differences in the controlling climatic factors may not be
considered significant when predictions are made in a large spatial framework such as
in this project, i.e. a continental or intercontinental scale. However, when predictions
of a finer resolution are being considered, this type of differential climatic response
may become increasingly significant, and may represent the difference between
survival or extinction, or the persistence of a damaging or non-damaging population.

The incorporation of a facility for the description of the preferred soil moisture
environment of a species is cited as a major strength of the CLIMEX program.
However, the paucity of data within the literature concerning the response of species
to this variable reduces the potential utility of this index where experimental
investigation is not carried out. The response of a species to soil moisture is very
difficult to infer from observational records, especially at the lower end of the soil
moisture spectrum, as high temperatures and low soil moisture levels are usually interrelated. Therefore, it is likely that the effect of soil moisture may often be misattributed to temperature when parameter values are solely assigned by inference.

Although the CLIMEX user guide suggests that parameters may be fine-tuned with
experimental data from the literature, there are many problems associated with doing
so. There are inherent limitations in the literal translation of observations from the
field to describe climatic response in relation to mean meteorological data. For
example, most thermal emergence and flight thresholds are based upon weekly
sampling, and the highest temperature in the week in which the behaviour is recorded
is adopted. However, in areas where spring temperatures increase rapidly this may be
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higher than the actual thermal requirements of the species, and cannot necessarily be
translated directly to areas, such as the UK, which are characterised by gradual
thermal increase from winter to summer temperatures. For example, reports of first
flight of D. hmssicae in mainland Europe are between 16 and 18 °C (Ankersmit,
1956; Skrocki, 1979a) whereas the first catch of a D. hrassicae adults in canopy level
winter rape traps in the Scottish Borders in 1996, was recorded in a week in which
the maximum temperature was 14.5 T. In addition, mean monthly temperatures in the
CLIMEX database may not exceed a threshold even though there are likely to be
several days within the month where thresholds are attained, therefore some locations
may be unrealistically penalised by a literal adoption of such thresholds.

Laboratory studies are also of limited use when assessing a species' response to a
natural climatic environment, as most experimental work reported in the literature has
been implemented under constant temperature regimes. Clear differences in the
response of insects to fluctuating and constant temperature regimes, both in
developmental duration and mortality, have been noted in numerous insect species
(Hagstrum & Hagstrum, 1970; Behrens el al., 1983). In addition to the difficulty of
translating experimental data for use in the parameterisation process, the relative
paucity of the data which is available in relation to most species also contributes to its
general lack of usefulness, and such data rarely allows meaningful conclusions to be
made.

Without relevant experimental evidence to corroborate parameter values fitted by
inference, CLIMEX, by its very nature, is open to misuse. The program is very easy
to manipulate, more so than traditional climate matching, encouraging users to fit the
parameters to describe a species' distribution which can then be presented as the
species' climatic response. Although the combination of a number of growth and
stress indices allows more precision in the description of a species' climatic response
when used in conjunction with supporting evidence, it also allows distribution to be
described in a number of ways when sufficient evidence for parameter values is not
available, with each method producing a different climatic profile and therefore
different predictions. There is also a danger that, as resultant El predictions are
constructed by a computer and not by hand as they are in the traditional method, that
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the component indices will not be examined properly and this could also lead to
misleading predictions of climatic suitability. Overall, the program's very accessibility
and ease of use, increases the scope for its misuse.

As with all simulations, the quality of CLIMEX predictions is limited by the quality of
data supporting the construction of each species' climatic profile. If inadequate
distribution and abundance data is used to describe a species' climatic response, and
neither experimental back-up or validation data is available, little confidence can be
placed in subsequent predictions of climatic suitability. In its most basic form
CLTMEX is purely automated climate matching, which is perfectly valid as long as it
is clearly presented as such and the assumptions involved are outlined. In this capacity
the program is extremely useful as a 'quick look' tool in scenarios where there is not
time to carry out experimentation, i.e. in a quarantine situation where a pest is likely
to be, or has already been, introduced to a new country and there is no time for
experimental investigation of climatic response. A profile constructed in such a
scenario can then be amended as more information becomes available. The greatest
confidence can be achieved in such predictions when good quality abundance,
distribution and phenology data is available, and, preferably the species is present in
another continent to provide validation. However, most species which are of interest
for this type of range determination analysis, do not, by the nature of the research,
already have wide-ranging distributions. Therefore it will often not be possible to
validate the data with that from another continent.

More than 30 published papers have used CLIMEX to predict the potential range of
insect species. Not one of these studies has implemented experimentation to support
the parameterisation process, and very few give any information concerning how
parameters were assigned. Personally, I believe that only when relevant
experimentation is available to support inference, to provide evidence that climate is
the dominant factor in determining distribution and abundance, and to elucidate the
role of the component climatic elements, does the program achieve a balance between
simple climate matching techniques and complex mathematical models. The addition
of supportive experimentation increases confidence in parameters arid converts
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hypotheses to predictions. When used in this way, CLIMEX is a powerful
interpretative tool, superior to climate matching.

CLIMEX is also most effective when used in conjunction with interpolated
meteorological data. Whilst some continents are well represented in the CLIMEX
database others are less so, i.e. Africa has 709 locations to South America's 102.
There are inherent problems associated with fitting parameter values in relation to
geographic information when meteorological data is available for relatively few
locations. Such locations may not necessarily be indicative of a country's climate as a
whole, nor correspond to areas where field work has been carried out. In addition,
when predictions are made in areas where meteorological data are limited, it is far
more difficult to interpret patterns of climatic suitability than where interpolated
climatologies are available. Ideally, interpolated climatologies would be implemented
world-wide during both the parameter fitting process and when making predictions of
potential range.

The experimentation implemented during this project was designed solely for use in
conjunction with CLIMEX. The response to soil moisture was comprehensively
investigated and thermal variables were investigated over five fluctuating regimes
representative of conditions throughout the species' European range. Clearly there are
inherent difficulties in trying to represent a natural climatic environment, and the
experimentation implemented during this research has limitations. For example, the
use of constant environment regimes does not investigate the species' ability to
endure adverse conditions for short periods of time, the role of RH was not
investigated, and nor was the possibility of populations becoming acclimatised.
Neither were the effects of behavioural response to adverse conditions investigated. In
addition, the possible differential response induced by a fixed bi-temperature regime
with 12 hourly intervals in relation to a natural sine wave temperature fluctuation is
also unknown. However, the rationale behind this experimentation was not to
elucidate the complexities of the species' climatic response but to gain an overview,
which could be interpreted and integrated with knowledge gained from inference.
Even the most simple natural systems require immense experimental effort to fully
understand their underlying dynamics. To collect such information, even for a single
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species, would be an enormous undertaking requiring the integration of ecological and
physiological disciplines, and even if such information were gathered, the precision
desired for use in a detailed predictive model may be impossible to achieve in the
short to medium term. I believe that the use of the CLIMEX simulation system in
conjunction with the specifically designed experimental investigations implemented
during this project represents a balance between climate matching and in-depth
modelling, allowing a comprehensive investigation in a relatively short period of time,
and providing a good approximation of climatic response.

One area where further investigation is needed, is to elucidate the relationship
between overwintering mortality and temperature. Cold stress is the only parameter
which was completely based on inference. This parameter was set to reflect the fact
that both species were less damaging in Scandinavia, Austria and Switzerland than in
the rest of Europe. Whilst the lesser damage in Scandinavia could be attributed to
factors other than temperature, such as rape cultivation or day!ength, these factors are
not common with Austria and Switzerland. The only obvious connecting factor
between these countries are sub-zero winter temperatures. In C'. assiniilis, this
assumption is supported by the fact that, despite populations persisting in southern
British Colombia for over 40 years, populations have not spread any further into
Canada's rape cultivation areas. In the same timescale the weevil has spread
throughout the United States. Canada also experiences sub-zero winter conditions.
Even though the assumption that low winter temperatures limit populations would
seem to be valid, for the sake of completeness, and to increase confidence in the
predictions made, this should be verified experimentally.

The predictions of colonisation potential made during this project are not exact. It is
not possible to precisely predict how a population will respond to a new environment.
However, by considering the probable influence of the main abundance modifying
factors, an estimation of the pest species' probable survival prospects and
injuriousness in a new area has been made. One way to improve predictions may be
the use of a geographic information system (GIS) as a means to integrate, analyse and
display data pertaining to the factors influencing survival and abundance. Weighted
variables for elements such as climatic suitability, host availability, parasite load and
n
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pod access mechanism in each area would provide a single figure describing the area's
overall suitability for pest persistence within an appropriate spatial scale.

7.4) Applications of research
There are several practical applications of understanding the underlying dynamics of
the factors determining the range and abundance of a deleterious insect species. The
main function is for use in relation to quarantine assessment. Such analysis makes it
possible to predict and pre-empt spread, thus allowing the formation of quarantine
strategies and pest risk assessment decisions. A quarantine pest is defined as "a pest of
potential national economic importance to the country endangered thereby and not yet
present there..." (Hopper, 1991). There are two elements to pest risk assessment;
firstly, the estimation of the likelihood of establishment, and secondly, the prediction
of the extent and frequency to which the population will attain economically damaging
status. Both these questions can be addressed by the methods presented herein. In
addition to pest risk assessment for quarantine pests, the same analysis can be applied
to investigations of the climatic suitability of an area for the intentional introduction of
bio-control species.

In addition, an understanding of the climatic response of a species also allows
predictions to be made concerning how alterations in climate may affect their current
and potential distribution. The increasing concentrations of atmospheric CO 2 and
other radiatively-active gases have been well documented (Barrow, 1993; Houghton,
Jenkins & Ephraums, 1993). Climatic change resulting from this accumulation is likely
to have a significant effect on the population density and geographic distribution of
ectotherinic species, including insect crop pests (Porter el

cii.,

1991; Cammell &

Knight, 1992). If an understanding of the dynamics of the factors governing the
current geographic range is attained, possible effects of climatic change can be
predicted and pre-empted. Indeed, CLIMEX includes a climate change function,
which allows thermal climate change scenarios to be applied and the resultant changes
in predicted climatic response at different locations compared. Both a constant
temperature increase and an increase per degree of latitude can be applied, allowing
the comparison of different warming scenarios.
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7.5) Summary
In summary, this thesis reports the results of investigations concerning the potential
range and global colonisation ability of selected insect pests of oilseed rape. There
were three main aims; firstly to investigate the current Scottish distribution,

abundance and phenology of C. ass/mi/is, D. bra.ssicae and P. chiysocepha/a.
Secondly, to investigate the factors determining the current European range and
abundance of all three species, and to quantify their climatic response. Finally, to
estimate the species' global potential range and colonisation ability, and, in doing so,
predict the potential injuriousness of D. hrassicae and P. chiysocephala in Scotland.

Both C. ass/ni//is and D. bras.sicae were found to be widespread throughout Scottish
oilseed rape crops. C. ass/mi/is was omnipresent at levels similar to those reported in
England. D. l,rass/cae was more prevalent and abundant in the south of the country,
and larval infestation levels in the south were similar to those reported in England.
The phenology of both species was also very similar to that reported in English
studies. P. chrysocephala incidence was not detected during this project and this
species is clearly not an abundant or important pest of Scottish oilseed crops. It is not
clear why P. chrysocephala has not increased to damaging levels in Scotland, and
further investigation is required to clarify the current Scottish distribution and
abundance of this species. A consequence of P. chiywcepha/a's absence during
sampling was that it was not possible to obtain sufficient numbers of the beetle to
allow experimental investigation of its climatic response, and further investigations
concerned only C. ass/mi/is and D. hrassicae.

The climatic response of both C ass/ni//is and D. brc,ssicae was investigated by
comprehensive experimentation. The resultant data was integrated with data from the
literature concerning the species' distribution, abundance and phenology throughout
their native range to produce CLIMEX parameters. The distributional limits and
relative abundance within the European range of both species were found to be
primarily under climatic control, and other abundance-modifying factors were of
secondary importance. However, experimental elucidation of the relationship between
overwintering mortality and sub-zero temperatures would be advisable. CLIMEX
proved to be a powerful tool for the integration of information concerning a species
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climatic response, especially when used in conjunction with relevant experimental
investigation and interpolated meteorological data.

The global range and injuriousness of each species was predicted by estimating the
influence of the main abundance modifying factors. It is predicted that the
C. assimilisiD. hrcissiccie complex has the potential to colonise the United States
(('. assinii/is already present), Australia, Japan, Korea, New Zealand, China, South
Africa and South America. However, populations are only likely to attain damaging
levels on oilseed rape crops in Australia, Japan and Korea. In New Zealand and South
Africa, populations would persist and would have the potential to increase to
damaging levels were oilseed rape to be cultivated in these countries in the future.
Whilst in China and South America, populations are likely to be of little importance
due to the regulatory influence of sub-optimal climatic conditions. C. assiniilis has a
greater colonisation potential than D. brassicae, which is dependent on C. assirnilis'
presence to reach economically damaging levels. One way to improve predictions may
be the use of a species-specific weighted variable GIS as a means to integrate, analyse
and display predictive data.

The main applications of understanding the underlying dynamics of the factors
determining the range and abundance of deleterious poikilothermic species are the
prediction of potential range and injuriousness in relation to quarantine and biocontrol
assessments and under climatic change scenarios.
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Appendix one
Results of sampling regimes
The results from all sampling regimes reported in Chapter Three are displayed in
chronological order herein.

Al 1 Plant dissection for stern-dwelling larvae 1993
All 77 larvae found during this sampling regime were dipteran. All larvae reared
successfully to adulthood (around 60%) were found to be that of the leaf miner

Phy/omyza rufipes Meigan (Diptera: Agrornyzidae).

Table A1.l Results of plant dissection for stem dwelling larvae during
COME project assessments in 1993
Location

Grid
Reference
NJ 126 631
NJ 155 645
NJ 222 610
NJ 320 569
NJ 677 491
NJ 700 553
NJ 739 569
NJ 784 504
NJ 689 287
NJ 686 275
NJ 765 245
NJ 971 291
NJ 986 256
NO 774 833
NO 799 773
NO 676 719
NO 732 716
NO 753 658
NT 116 785
NT 572 253
NT 557 239
NO 356 083
NO 511 029
NO 134 326
NO 002 241
NO 186 204
NT 552 817
NS 871 926
NT 228 613
NT 398 672
-

North Alves, Grampian
Rosencwton, Grampian
Dunkinty, Grampian
Westerton, Grampian
Mains of Laithers, Grampian
Denhead, Grampian
Cowshill, Grampian
Castle of Auchry, Grampian
Longside, Grampian
Strathorn. Grampian
Lethenty, Grampian
Deepheathers, Grampian
Little Haddo, Grampian
Blererno, Grampian
Upper Craighill, Grampian
Mains of Thornton, Grampian
Barnhill, Grampian
Greystone, Grampian
Dundas castle, Lothian
New Belses, Borders
Preiston, Borders
Cults Mill, Fife
Stenton Farm, Fife
Byres, Tayside
Bachilton, Tayside
lnchyra, Tayside
Rockville, Lothian
Orchard Fanu, Central
Glencorse, Lothian
Oxenford Mains, Lothian

Sampling Growth
date
stage
07/12/93
1,3
07112/93
1,5
07/12/93
2,1
14/12/931
1,6
03/12/93
1,5
03/12/93
1,4
03/12/93
1,4
03/12/93
1,9
06/12/93
1,4
06/12/93
1,4
06/12/93
1,5
09/12/93
1,5
09/12/93
1,6
10/12/93
1,4
02/12/93
1,4
10/12/93
2,0
02/12/93
1,4
02/12/93
1,9
02/12/93
1,6
1,5
09/12/93
09/12/93
1,6
07/12/93
1,6
07/12/93
1,6
08/12/93
1,7
06/12/93
1,6
06/12/93
1,9
03/12/93
1,5
0/11/93
1,4
/12/93
1,4
321 1 1/93
1,5
3

[

No.
Plants
40
40
45
40
40
41
40
40
40
40
40
40
40
40
39
39
40
40
100
94
101
100
100
100
109
100
100
99
99
100

No.
larvae
0
2
6
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
2
5
2
4
0
0
2
1
0
0
15
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Table Al. 1 Results of plant dissection for stern dwelling larvae during
COME project assessments in 1993 (continued)
Location
Overhill, Tayside
Paxton Mains, Borders
Ploughiands, Borders
Upper Dalhousie, Lothian
East Balmirer, Tayside
Niddiy Mains, Lothian
Hors lea/Pitlochie, Tayside
South Mains Sarnuelston, Lothian
Hoprig, Lothian
Nether Finlarg, Borders
Turnhouse, Lothian
Monktonhill, Strathclyde
Mononhill,Strathclyde
Waterstone, Strathclyde
North Arkieston, Strathclyde
Clayrnoddie, D & G
Broughton Mains, D & G
West Galdenoch,D&G
Rushyhill,D&G

Grid
_ Reference
NN 858 156
NT 910 527
NT 630 307
NT 305 637
NO 582 387
NT 093 755
NO 098 172
NT 483 699
NT 45'3 741
NO 425 418
NT 155 744
NS 350 298
NS364288
NS 409 647
NS 503 656
NX431 369
NX 455 458
NX092 558
NS645698

Sampling Growth
date
stage
10/12/93
1,4
1,7
02/12/93
07/12/9')
1,3
06/12/93
1,4
1,6
16/12/93
07/12/93
1,4
0711 12/93
1,5
07/12/93
1,6
02/12/9')
1,6
06/12/93
1,6
09/12/93
1,5
15/11/93
1,4
09/11/93
1,4
08/11/93
1,3
08/11/93
1,4
11/11/93
1,4
11/11/93
1,4
12/11/93
1,5
1,5
10/11/93

1

1

No.
No.
larvae
Plants
98
0
100
9
11
0
100 1
0
99
0
98
2
98
3
100
0
2
100
6
101
100
13
100
0
100
0
51
0
52
0
100
0
104
0
104
0
49
0

Al .2 Yellow water traps, Scottish Borders 1993
Table A1.2 Water trap catches in winter rape crops during 1993
Location

Grid Reference Sampling date

Cairndinnis, Lothian

NT 5727 46

Millheugh, Borders

NT 696 193

Lochton. Borders

NT 776 390

29/10/93
05/11/93
11/11/93
18/11/93
23/11/93
01/12/93
28/10/93
04/11/93
12/11/93
18/11/93
23/11/9')
06/12/93
28/10/93
04/11/93
12/11/93
18/11/93
23/11/93
06/12/93

Oilseed rape pests
(combined data from two traps)
1 C. ass/mills
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none

Table Al .2 Water trap catches in winter rape crops during 1993 (continued)
Location

Grid Reference

Scraesburgh, Borders

NT 665 183

Edrington Foulden, Borders

NT 943 546

Sampling
date
29/10/93
04/11/93
11/11/93
18/11/93
26/11/93
06/12/93
29/0/93
04/11/93
11/11/93
18/11/93
26/11/93
06/12/93

Oilseed rape pests
(combined data from two traps)
none
none
none
none
none
none
none
none
none
none
none
none

Al .3 Yellow trap survey 1994
Abbreviations are used to identify each species and are as follows; C. ass/mi/is (C.a.),
M. aeneus jvf.a.), C. picilarsis (CP.), P. tindu/ala (P. u.) & P. criiciferae (P.c.).

Table Al 3 Water trap catches in winter rape crops during 1994
Site
Woodhead of Mailer, Perth,
Tayside

Rose Mains, Pathhead, Lothian

West Ciaigie,
South Queensferry, Lothian

Grid
reference
NN 095 207

NT 403 659

NT 155 765

Sampling
date
06/05/94
13/05/94
24/05/94
30/05/94
06/06/94
13/06/94
20/06/94
27/06/94
05/07/94
12/07/94
26/07/94
05/05/94
16/05/94
26/05/94
11/06/94
11/05/94
24/05/94
01/06/94
13/06/94
29/06/94
05/07/94
19/07/94

No. & species of pests recorded
(one trap per location)
no pests
I Ma..
3 Ma.., 2 P. it.
2 C.a., 12 Ma., I Iu..
3 C. a., 10 Ma.
7 Ca., lOMa., 1 P. it.
2 M, a.
1 /)• u..
2 ('a.
no pests
no pests
8 Ca.
1 (La., 12 P. it.
1 (La.
3 Ca., 1 Ma., 1 P tie
4 (.La., 3 Ma.
29 (La., 7 Ma., 1 P. u., 1 P. c..
16 Ca., 1 Ma.
26 Ca., 2 Ma.
2 Ma.
no pests
no pests
.
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Table A 1.3 Water trap catches in winter rape crops during 1994 (continued)
Site

Grid
reference
NJ 805 310

Sampling
date
Tullo, Old Meldrum, Grampian
13/05/94
22/05/94
25/05/94
15/06/94
29/06/94
North Arkiestone, Paisley,
NS 503 653
16/05/94
Strathclyde
24/05/94
30/05/94
06/06/94
10/06/94
20/06/94
24/06/94
05/07/94
11/07/94
Kriockhouse, Dunfermline, Fife NT 078 870 13/05/94
16/06/94
26/05/94
10/06/94
Seacliff, North Berwick,
NT 608 842 16/05/94
Borders
23/05/94
30/05/94
06/06/94
13/06/94
20/06/94
27/06/94
30/06/94
12/07/94
19/07/94
26/07/94
Rulesmains, Duns, Borders
NT 799 548 16/05/94
23/05/94
30/05/94
06/05/94
20/05/94
25/05/94
29/05/94
12/07/94
19/07/94
26/07/94
Harlaw Farm, Balerno, Lothian NT 657 179 26/05/94
01/06/94
08/06/94
14/06/94
20/06/94
29/06/94
07/07/94

No. & species of pests recorded
(one trap per location)
no pests
1 Ca., 4Ma.
3 C. ci., 4Ma.
1 Ca., 1 Ma.
no pests
2 C. a., 5 M. a.
1 C. a., I Ma.
9 Ca., 2Ma.
4 C. a., I Ma., 1 C.p., 1 Re3 C. a., I Ma., I C.p., 2 P.c..
7 Ca., 1 Ma.
4 Ca.
2 Ca.
no pests
no pests
no pests
no pests
3 Ca., 8 M. 0.
11 Ma.
3 Ma.
1 Ca.. 3 Ma.
2Ma.
1 Ma.
no pests
no pests
no pests
no pests
no pests
no pests
12 tvJ.a., 1 P. it., I P.c..
I C. a., 13 Ma.
9 M. a.
3 C. ci.. 10 Ma.
6 C. a.
4 Co.
5 C. a.
no pests
no pests
no pests
6 Ma.
2 Ma., 1 P. it.
2 Ma., 2 1'. c..
3 Ma.
no pests
no pests
no pests

3.

Table A1.3 Water trap catches in winter rape crops during 1994 (continued)
Site
Westerton, Fochabers,
Grampian Field 1

Westerton, Fochabers,
Grampian Field 2

Tillycorthie, Udny, Grampian

Halihill, Turiff, Grampian

Monktonhill. Ayr
Field I (Bypass field)

Monktonhill, Ayr
Field 2 (Village field)

Lochton, St Boswells, Borders
(Blackhili field)

Lochton, St Boswells, Borders
(Smithy field)

Milheugh, St Boswells,
Borders

Jardinefield, Whitsome
Borders

Grid
reference
NJ 319 569

Sampling
date
17/05/94
31/05/94
13/06/94
27/06/94
13/07/94
NJ 317 569
14/05/94
10/06/94
30/06/94
07/07/94
NJ 909 230
17/05/94
31/05/94
13/06/94
27/06/94
13/07/94
NJ 625 490 25/05/94
30/05/94
08/06/94
21/06/94
NX 347 291 23/05/94
27/05/94
08/06/94
13/06/94
NX 347 291 23/05/94
27/05/94
08/06/94
13/06/94
NT 776 930 24/05/94
30/05/94
07/06/94
13/06/94
21/06/94
05/07/94
11/07/94
NT 776 930 24/05/94
30/05/94
07/06/94
13/06/94
21/06/94
05/07/94
NT 696 913 24/05/94
06/06/94
14/06/94
29/06/94
26/07/94
NT 875 500 23/05/94
01/06/94

No. & species of pests recorded
(one trap per location)
4 Ca.. 1 Ma.
1 C a. I Mo.
5 Co., 29M a.
75 Co.
31 ('a.
4 Ca., 10 M. a.
30 (ta., II itl.a.
38 C.a., 34 Ma.
6 C a., 4 Ma.
3 Cci.. 4 Ma., I P. it.
5O Ma.
64 Ma.
1 Co.. 2 Ma.
2 Cci.
1 Ma.
5 Ma.
1 Ca., 12 Ma., I P.u.
no pests
1 Ca., 2 Ma.
no pests
2 Ca.. 6 Ma., 3 P.c.
2 Ca., 6 Ma., 7 P.c.
1 Ma.
2 Ma.
2 C.a., 2 Ma.
4 Ca.. 2 Au a.
no pests
1 Ca., 5 P. it.
1 Ma., 2 P. u.
1 M. a., I P. it.
no pests
no pests
2 Ca., 2M.a.
no pests
1 P. it.
1 M. a.
no pests
no pests
no pests
5 Ca., 5 Ma.
5 Cci., 3 Ma.
8 Ca., 9 Ma.
2 Ca.
1 Ca.
4 Cci., 2 Ma.
20 Ma.
Ca., 12 Ma.
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Table Al .3 Water trap catches in winter rape crops during 1994 (continued)
Site
East Ardross, Lnvemesshire
Highland
Lower Kincraig, invernesshire
Grampian
Rosehaugh, Elgin, Grampian

Glassgreen, Elgin, Grampian

Nisbet Mill, Jedburgh,
Borders
Langleys, Stonehaven,
Grampian

Candy, Stonehaven, Grampian

Bent, Stonehaven, Grampian
Meikie Aucheocli, Maud,
Grampian
Kirkton Fann,. Fyvie,
Grampian
Meikie Aucheoch, Grampian

Ballindean, Inchture, Tayside

Redhills, Torthorwald, D&G

Scrabster Mains, Thurso,
Highland

Sampling
date
27/05/94
11/06/94
29/06/94
NH 688 705 27/05/94
08/06/94
29/06/94
30/05/94
14/05/94
27/05/94
NJ 222 607 30/05/94
08/06/94
15/05/94
NT 663 252 01/06/94
14/67/94
NO 753 697 03/06/94
14/06/94
22/06/94
30/06/94
NO 795 801 03/06/94
14/06/94
22/06/94
NO 693 726 03/06/94
22/06/94
NJ 885 512 02/06/94
10/06/94
16/06/94
NJ 698 302
13/05/94
24/05/94
13/06/94
NJ 885 512 02/06/94
13/06/94
20/06/94
29/06/94
05/07/94
NO 259 294 20/06/94
27/06/94
01/07/94
08/07/94
NX 032 784 03/06/94
10/06/94
01/07/94
11/07/94
14/07/94
02/08/94
ND 092 700 08/06/94
13/06/94
05/07/94
Grid
reference
NH 635 731

No. & species of pests recorded
(one trap per location)
no pests
3 Ma., 1 P.c.
no pests
2 C. a.
3 Ca. 1 Ma.
5 Ca. 1 Ma.
9 C. a., 7 Ma.
9 Ca., 18 Ma., 1 C.p.
6 C.a., 11 M. a.
1 C. o., 3 Ma.
2 Ma.
2C.a.,4Ma.
2 C.a., 3 Ma.
6 Ca., 14 Ma.
1 P.c.
4 C.a., 3 Ma.
6 Ca., liMo.
15 C. a., 9 Ma.
3l Ma., I P.c.
1 C. a., 20 Ma.
no pests
2 Ma.
no pests
1 C. a., 24 Ma.
5 C. a., 16 Ma.
5 C. a., 14 Ma.
1 Ca., 26 Ma.
12 C. a., 14 Ma.
11 Ca., 7 Ma.
4 Ma.
8 C. o, 3 Ma.
no pests
2 C. o, 9 Ma.
9Ma.
no pests
1 C.a
6 Ca, 9M.a.
2 C.
2 Ma.
1 C. a, 1 P. c.
2 U
no pests
4 Ca, I Ma.
7 C.
no pests
no pests
1 Ca, 2 Ma.,
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Table Al .4 Water trap catches in spring rape crops during 1994
Site

Grid
reference
ND 375 542

Noss Farm, Wick, Highland
Field I (Quarry field)

Noss Farm, Wick, Highland
Field 2 (Staxigoe field)

ND 375 542

Lindiffron Farm, Cupar, Fife

NO 316 164

Kirkton Farm, Fyvie, Grampian

NJ 698 302

Monktonhill, Ayr
Field I (Roadside field)

NX 347 291

Monktonhill. Avr
Field 2 (Grants field)

NX 347 291

Collard, Stonehaven, Grampian NO 744 705

Moss of Barmuchity. Elgin,
Grampian
Bog of Auchterflow,
Invernesshire

NJ 254 620
NH 665 570

Sampling
date
24/06/94
07/07/94
14/07/96
25/07/94
24/06/94
07/07/94
14/07/96
25/07/94
08/06/94
29/06/94
19/07/94
03/08/4
13/06/94
27/06/94
13/07/94
05/07/94
11/07/94
22/07/94
05/07/94
11/07/94
22/07/94
22/06/94
11/07/94
18/07/94
11/07/94
19/07/94
21/06/94
29/06/94
04/07/94
18/07/94

No. & species of pests recorded
(one trap per location)
no pests
no pests
no pests
no pests
no pests
no pests
no pests
no pests
21 Ca, 167 Ma., 3 I J u
53 Ca, 26 Ma.
1 C.a,2Ma.,4P.0
4 Ca, 29 Ma.
24 Ma., 1 P. it
3 C. a, 17 Ma., 2 P. it
no pests
no pests
no pests
no pests
no pests
no pests
no pests
1 P. c.
no pests
no pests
no pests
no pests
1 Ca
3Ca
no pests
no pests

Al .4 Plant dissection for stein dwelling larvae 1995
All 206 larvae found during this sampling regime were dipteran. All larvae reared
successfully to adulthood (around 65%) were found to be the that of the leaf miner

Phytornyza rufipes Meigan (Diptera: Agromyzidae).

Table Al.5 Results of plant dissection for stem dwelling larvae during
COME project assessments in 1995
Farm Name
Wester Alves, Grampian
Glassgreen, Grampian
Westerton, Grampian
Mains of Blackton, Grampian

Grid
Reference
NJ 128 624
NJ 224 610
NJ 317 569
I NJ 721 571 1

Sampling
date
06/12/95
13/12/95
13/12/95
11/12/95

Growth
stage
1,7
1,9
1,7
1,7

No. Plants No. Larvae

1

100
100
100
100

9
0
0
3
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Table Al .5 Results of plant dissection for stem dwelling larvae during
COME project assessments in 1995 (continued)
Grid
Reference
NJ 737 548
The Craig, Grampian
NJ 751 545
Slackadale, Grampian
NJ 681 488
Mains of Laithers, Grampian
NJ 588 442
Pitfancy, Grampian
NJ 695 288
Auchentarph, Grampian
NJ 767 242
East Baihalgardy, Grampian
NJ 966 296
Cromelybank, Grampian
NJ 986 256
Little Haddo, Grampian
NJ 822 147
Kirkton, Grampian
NO 777 834
Jacksbank. Grampian
NO 804 773
Upper Craighill, Grampian
Mains of Thornton, Grampian NO 676 718
NO 646 699
Moss-side of Esslie, Tayside
Mains of Woodstone, Grampian NO 748 663
NT 572 257
New Belses, Borders
NT 544 824
Highfield, Lothian
NT 517 674
Woodiiead, Lothian
NT 577 768
Markle Mains, Lothian
NT 235 621
Halls, Lothian
NT 115 775
Dundas castle, Lothian
NO 186 205
inchyra, Tayside
NO 129 328
Byres, Tayside
N0509031
Stenton, Fife
NO 351 081
Cults, Fife
NS 842 821
Bonnyhill, Central
NT 397 658
Rose mains, Lothian
NN 864 158
Overhill, Tayside
INT 928 525
Paxton Mains, Borders
NT 632 329
Magdelane Hall, Borders
NT 318 605
Carrington Mains, Lothian
NO 586 385
East Balmirer, Tayside
NT 099 757
Niddry Mains, Lothian
NO 181 094
Pitlochie Estates, Fife
NT 542 765
Atheistaneford, Lothian
NT 443 740
Hoprig, Lothian
NO 425 418
Nether Finlarg, Tayside
NT 155 744
Tumhouse, Lothian
NS350282
Monktonhill, Strathclyde
NS 353 283
Monktonhill, Strathclyde
NS 414 638
Waterstone, Strathclyde
NS 503 655
North Arkieston, Strathclyde
NX 435 364
Claymoddie, D & G
NX479441
Garlieston,D&G
NX482 439
Garlieston, D & G
NN 997 243
Bachilton, D & G
Farm Name

Sampling Growth No. Plants No. Larvae
stage
date
2
100 1
1,7
14/12/95
100
1,8
14/12/95
5
100
1,9
11/12/95
4
100
1,6
11/12/95
0
lOO
1,5
04/12/95
5
100
1,9
04/12195
16
100
2,0
08/12/95
ii
100
1,7
08/12/95
4
100
1,7
04/12/95
6
100
1,6
07/12/95
7
100
1,5
07/12/95
2
100
2,3
05/12/95
10
100
1,7
05/12/95
4
100
1,9
05/12/95
5
100
1,9
12/12/95
0
100
1,7
11/12/95
0
00
1
1,7
11/12/95 1
1
100
1,8
11/12/95
7
100
2,5
13/12/95
6
50
04/12/95
1,5
5
100
1,6
05/12/95
3
100
2,0
05/12/95
3
100
1,8
11/12/95
6
100
1,6
11/12/95
0
100
2,4
04/12/95
6
100
1,6
22/11/95
3
100
1,4
27/11/95
3
100
1,7
29/11/95
5
100
1.7
30/11/95
9
100
1,7
22/11/95
0
100
1,8
10/11/95
7
50
1,5
22/11/95
9
100
1,6
23/11/95
0
100
1,6
27/11/95
8
100
1,6
28/11/95
19
1,7
100
22/11/95
0
100
1,7
28/11/95
1
50
1,8
03/11/95
0
50
1,8
03/I 1/95
4
50
1,6
29/10/95
0
50
1,4
24/10/95
3
50
1,6
02/11/95
2
50
1,7
01/11/95
0
50
1,6
01/11/95
2
50
1,6
26/10/95 1

3.)

Al . 5 Intensive monitoring at Sarnuelstone, East Lothian in 1995
All sampling was carried out at South Mains of Samuelston Farm (NT 478 685).
Abbreviations are used to identify each species and are as follows; C. asiniiiis (C.a.)
and D. br(tssi cue (I). b.).
Emergence site results
Table Al .6 Results of soil sampling for pupae at an emergence site at
Samuelstoue during 1995
07/2/95
20

Date
No. soil samples
...
t'u. p1Apa
No

A

I

20/2/95
20

17/3/95
20

31/3/95
20

A

A

A
V

27/4/95
20

11/4/95
20
-.

..

.

Table A 1.7 Results of water and emergence trap sampling at an emergence
site at Samuelstone during 1995

Emergence
trap catches2
2

1

17/3/95
0

Date
Water trap

31/3/95
0

11/4/95
0.

27/4/95
4 Ca.

06/5/95
0

15/5/95
1 C. a.

27/5/95
6 C.a.

0

0

0

0

0

0

0

Total catch from ten traps
Total catch from ten traps

Winter rape crop
Table Al .8 Results of plant sampling for stem-dwelling larvae at an
emergence Site at Samuelstone dunrig 1995
07/2/95
25
1*

Date
No. plants sampled
No. larvae

20/2/95
25
0

17/3/95
25
0

31/3/95
25
0

11/4/95
25
0

27/4/95
25
0

' dipteran larvae, not reared to adulthood.
Table Al .9 Results of water and emergence trap sampling at the winter rape
site at Samuelstone during 1995
Date
Water trap
catches'
Emergence trap
catches
Date
Water trap
catches'
Emergence trap
catches2

[

7/2/95
0

20/2/95 17/3/95 31/3/95 11/4/95 27/4/95 6/5/95 15/5/95
1 C. a. 6 Ca. 36 Ca. 26 Ca.
0
0
0
1 D. b.
0

27/5/95
34 C.a.

2/6/95
101
Ca.
0

0

12/6/95 19/6/95 1/7/95 13/7/95 23/7/95 30/7/95
84 Ca. 164 C.a 97 Ca. 36 Ca. 31 Ca. 22 Ca.
I DI,.
0
0
0
0
0
0

Total catch from ten traps, 2 Total catch from ten traps
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3) Spring rape crop
Table A I 10 Results of water and emergence trap sampling at the spring rape
site at Samuelstone during 1995
Date
Water trap catches'

] 15/5/95 27/5/95 2/6/95
0
3 Co.
0

Emergence trap catches 2

0

Date
Water trap catches'

0

0

0

13/7/95 23/7/95 30/7/95 5/8/95 12/8/95 18/8/95
38 Ca. 64 Co. 23 Ca. 31 Ca. 36 Ca, 41 Ca.

Emergence trap catches 2

2

12/6/95 19/6/95 1/7/95
9 Ca. 16 Ca. 49 C.a.

0

0

1 D.b.

8 Ca

4 Ca

11 Ca

Total catch from ten traps
Total catch from ten traps

Al .6 Plant collections of volunteer rape in East Central Scotland 1995
Table Al. 11 Results of stern dissection of volunteer rape plants during 1995
Location
Roadside, Pencaitland
Roadside, East Linton
Set-aside field, Atheistaneford
Winter wheat field, Penicuik
Roadside, West Linton
Roadside, Thirlstane
Roadside, Polwarth
Roadside, Whitsome
Winter wheat field, Falkirk
Roadside. Kilsvth
Winter wheat field, Annadale

-

-

Approximate
grid reference
NT 462 691
NT 628 762
NT 551 784
NT 269 581 1
NT 172 543 1
NT 585 470
NT 771 502
NT 856 504
NS 874 888
NS 733 792
NS 940 698

Sampling
date
15/10/95
15/101/95
15/10/95
16/10/95
16/10/95
22/10/95
22/10/95
22/10/95
28/10/95
28/10/95
28/10/95

No. Plants
sampled
60
55
100
100
100
50
100
100
50
100
80

Larvae
found*
2
0
0
0
0
0
3
0
1
0
0

* All larvae found were dipteran and were not reared to adulthood.

Al . 7 Intensive monitoring, Scottish Borders 1996
All emergence site and winter rape sampling was carried out at Butchercote Farm
(NT 629 340) and the spring rape sampling at the nearby Mertoun Estates (NT 622
338). Abbreviations are used to identify each species and are as follows;

C. assirnilis

(C.a.), & D. hras.icae (D. b.).

n
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1) Emergence Site sampling
Table Al. 12 Number of cocoons, and their contents, found in 20 soil samples
at each sampling date at Butcheicote Farm during 1996

Cocoons present
larvae
pupae
parasitised
dead
empty

03/02/06
29 i).h.
14
0
3
12
0

02/03/96 [16/03/96
37 D.b.
16 D. b..
22
11
0
0
2
1
9
1
4
3

18/02/96
13 I).h.
5
0
0
5
3

20/04/96
19 J).h.
4

30/03/96
29 D. b.
11
0
1
13
3

3
4
7

Table A1.13 Results of yellow and emergence trap monitoring at an
emergence site at Butchercote Farm during 1996.
Date
Water trap
catches

18/2/96 02/3/96 16/3/96 30/3/96 20/4/96 27/4/96 04/5/96 11/5/96 19/5/96
0
10 C o. 3 C a.
7 C. a. 1 C. ci.
0
0
0
0
3 Db

Emergence
trap catches"
Date
Water trap
catches

0

0

0

0

0

0

1 D. h.

3 D.h.

25/5/96 31/5/96 09/6/96 17/6/96 21/6/96 29/6/96 06/7/96 13/7/96
1 D. b. I D.h.
0
0
2 D.b. 2 Ca. 1 D. b. 1 D. b.
3 1). b

Emergence
trap catches 2

2

0

0

1 D. h.

0

0

1

0

0

-

0

Total catch from 20 traps
Total catch from 15 traps

1) Winter r av e crop s ampling
Table Al. 14 Results of yellow and emergence trap monitoring at a winter
rape crop at Butchercote Farm during 1996.
Date
Water trap catches

T 27/4/96
F 0

04/5/96
0

18/2/96
0

02/3/96
0

16/3/96
0

30/3/96
0

20/4/96
5 C.a.

11/5/96
16 C. a.

19/5/96
1 D. b.
5 Ca.

25/5/96
2 D. b.
24 Co.

31/5/96
5 D. b.
20 Ca.

09/6/96 17/6/96 21/6/96
2 /2 b.
2 1). b.
4 D. b.
105 Ca. 164 Ca. 211 CO.
0
0
0

Emergence trap
catches
Date
Water trap catches
Emergence trap
catches

n

)35

Table Al. 14 Results of yellow and emergence trap monitoring at a winter
rape crop at Butchercote Farm during 1996 (continued).
Date
Water trap catches
Emcrgcnce trap
catches

29/6/96
2 D.h.
141 Ca.
0

06/7/96
1 D.b.
86 Ca.
2 D.h.

13/7/96
4 D.b.
62 Ca.
3 D.h.

19/7/96
7 D.b.
73 Ca.
3 D.h.

27/7/96
2Db.
49 Ca.
2 1). b.
6 Co.

01/8/96
2 D.h.
49 C. a.
3 D.h.
3 Ct,.

'Total catch from 20 traps
Total catch from 15 traps
Table A1.15 Results of plant dissection for larval presence at Butchercote
Fann during 1996
Date
03/02/06
18/02/96
02/03/96
16/03/96
30/03/96
20/04/96

No. Plants
25
25
25
25
25
30

Larvae p resent*
1
4
0
0
0
0

-

* All larvae dipteran, not reared to adulthood.
Table Al. 16 Results of pod dissection for larval presence at a winter rape
crop at Butchercote Farm during 1996.
Date
19/5/96
larvae present in 10
0
pod sample
Date
29/6/96
iarvae present in 10 YD.h.
pod sample
Y Ca.

25/5/96
0

31/-./96
0

06/7/96
YD.b.
Y (La.

Y C O.
13/7/96 19/7/96
YD.b.
YD.b.
Y C a.
Y (ci.

09/6/96
.

.

17/6/96
Y D.h.
Y Ca.
27/7/96
YD.b.
Y (.a.

21/6/96
Y D.b.
Y C. cf.
01/8/96
Yi).h.
Y (a.

Table Al. 17 Results of sweep netting for the presence of adult D. hrassicae
and J.) chiysocephala on a winter rape crop at Butchercote Farm during
1996.
Date
Species present
Date
Species present
Date
species present

18/2/96 02/3/96
0
0
11/5/96 19/5/96
0
0
1 29/6/96 1 06/7/96
1 0 1 0

16/3/96
0
25/5/96
0
13/7/96 1
0

30/3/96
0
31/5/96
1 D. b.
19/7/96
1 J).h.

1

20/4/96 27/4/96
0
0
09/6/96 17/6/96
0
0
27/7/96 1 01/8/96
0
1 0

04/5/96
0
21/6/96
2 D.h.
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Spring rape crop sampling
Table Al. 18 Results of yellow and emergence trap monitoring at a spring
rape crop at Butchercote Farm during 1996.
'Date
Water trap catches'

19/5/96
0

25/5/96
1 D. b.

31/5/96
0

09/6/96
12 Cci.

17/6/96
48 Cci.

21/6/96
76 Co.

29/6/96 06/7/96 13/7/96
32 C. a. 38 Ca.
1 D. b.
_ ________ ________ 5 1 C. a.
Emergence trap catches 2
0

19/7/96
6Db.
32 C. a.
0

27/7/96
9 D.b.
19 C a.
0

01/8/96
6Db.
29 ('a.
0

Date
Water trap catches'

25/8/96
5 J).h.
45C.ce.

31/8/96
2Db.
57 Ca.
5 D. b.

07/9/96
3 1.).h.
54 Ca.
5Db.

Emergence trap catches 2

i

Date
Water trap catches 1

Emergence trap catches 2

05/8/96
8Db.
55 C'. a.
I D. b.

11/8/96
2Db.
94C.a.
6 Ca.

17/8/96
4 D.b.
64 Ca.
3 D. b.

1 Ca.

'Total catch from 20 traps
Total catch from 15 traps

2

Table Al. 19 Results of pod dissection for larval presence at a spring rape
crop at Butchercote Farm during 1996.
Date
pod dissection

09/6/96
0

17/6/96
0

21/6/96
0

29/6/96
0

06/7/96
Y Ca.

Date
pod dissection

13/7/96
YC.a.

19/7/96
YC.a.

27/7/96
YC.a.
YD.h.
25/8/96
YCa.
YD.b.

01/8/96
YC.a.

05/8/96

Date
pod dissection

11/8/96
YC.a.
Y1).h.

17/8/96
YC.a.
YD.h.

YD.b.

Y( -,.a.
YD.h.

31/8/96
YC.a.
Y]).h.

07/9/96
YC.a.
YD.h.

Table A1.20 Results of sweep netting for the presence of adult D. brassicae
and P. chryocephala on a winter rape crop at Butchercote Farm during
1996.
Date
Sweep netting

19/5/96
0

25/5/96
0

3 1/5/96
0

09/6/96
0

17/6/96
0

21/6/96
0

Date
Sweep netting

29/6/96
0

06/7/96
0

13/7/96
0

19/7/96
1 Dii.

27/7/96
0

01/8/96
2 Dii.

Date
Sweep netting

05/8/96
0

11/8/96
0

17/8/96
I D. b.

25/8/96
0

31/8/96
0

07/9/96
0

3-i

A1.8 Scottish survey 1996
Table Al .21 Results of monitoring winter rape crops during flowering in
1996.
Site

New Belses,
Borders
Monktonhill,
Strathclyde
Butchercote,
Borders
Waterstone,
Strathclyde
North Arkiestone,
Strathclyde
Samuelstone,
Lothian
Stonehouse,
Central
Grassmainstoii,
Strathclyde
Cleish Mill,
Tayside
Coldrain,
Tayside
Woodhead of
Mailer, Tayside
Woodstone
Tayside
Thornton Mains,
Grampian
Lower Powburn,
Grampian
Upper Craighill,
Grampian
Jacksbank,
Grampian
Little Haddo,
Grampian
Wiliiarnston,
Grampian
Pitfancy,
Grampian
Westerton,
Grampian

B2

Samplin Growth Weather Pesticide No. C.a. Mean no.
in 100 Ca. per
stage Condition before
g date
plant
sampling Sweeps
s
21
0.1
Y
sunny
NT 573 253 10/06/96 4.2

SI

NS 347 291 23/05/96

4.6

overcast

N

8

0.2

BI

NT 629 340 25/05/96

4.5

fair

N

14

0.2

S3

NS 406 643 23/05/96

4.4

overcast

N

29

0

S2

NS 503 653 23/05/96

4.6

sunny

N

26

0.2

Li

NT 489 670 25/05/96

4.6

fair

N

38

0.2

C2

NS 918 848 21/05/96

4.4

overcast

Y

18

0.1

C

NS 924 929 21/05/96

4.6

overcast

Y

67

0.3

Ti

NT 103 978 24/05/96

4.1

sunny

N

45

0.5

T2

NO 084 009 24/05/96

4.2

sunny

Y

16

0.2

T3 INO 095 207 24/05/96

4.4

sunny

N

29

0.3

T4

NO 750 662 21/05/96

4.3

sunny

Y

12

0.2

G5

NO 681 704 23/05/96

4.2

sunny

N

15

0.1

G3

NO 744 755 31/05/96

4.3

fair

N

29

0.3

G6

NO 798 772 31/05/96

4.3

fair

Y

16

0

GI

NO 777 834 31/05/961

4.2

fair

Y

24

0.1

G2

NJ 986 256 31/05/96

4.3

overcast

Y

32

0

G8

NJ 651 325 31/05/96

4.1

overcast

N

71

0.5

G4

NJ 592 435 3 1/05/96

4.5

overcast

N

203

0.6

07

NJ 317569 31/05/96

5.4

fair

Y

119

0.3

Code

Grid
reference

._, _,

Table Al .22 Results of monitoring spring rape crops during flowering in
1996.
Site

Grassmainston,
Central
Fordoun,
Grampian
Clinkstone.
Grampian
Girvan Mains,
Strathclyde
Boclair
Strathclyde
Elrick,
Grampian
Powbridge,
Central
Little Haddo,
Grampian
Mertoun Estate,
Borders
Halls Farm,
Lothian
Thomylea,
Grampian
Bucharn,
Grampian
Hilihead,
Gramp ian
Sunnyside of
Wartle,
Grampian
Newton of
Calsalmond,
Grampian
Samuelstone,
East Lothian

CI

Samplin Growt Weather Pesticide No. Ca. Mean
in 100 no. C. a.
g date h stage Conditions before
sampling Sweeps per plant
0.2
12
N
overcast
NS 924 929 28/06/96 4.2

GI

NO 750 769 17/06/96

3.9

G2

NJ 589 344 18/06/96

SI

NX 191 992 04/06/96

sunny
4.1
__ _________
overcast
3.8

S2

NS 623 733 04/06/96

4.1

G3

NO 874 922 17/06/96

C2
G4

NJ 986 256

Code

Grid
reference

N

9

0.1

N

22

0.1

N

5

0

overcast

Y

0

0

3.9

sunny

N

9

0.1

NS 878 873 04/06/96

4.1

overcast

N

10

0.1

18/06/96

4.1

sunny

Y

0

0.2

B!

NT 640 325 09/06/96

4.2

bright

N

18

0.3

LI

NT 235 580 09/06/96

4.3

hot/sunny

N

4

0

05

NO 763 747 17/06/96

4.2

sunny

N

6

0

G6

NJ 521 369 18/06/96

4.4

sunny

Y

1

0

G7

NJ 043 568

18/06/96

4.3

sunny

N

9

0.1

08

NJ 720 305

18/06/96

3.9

sunny

N

11

0.1

G9

NJ 667 302

18/06/96

3.8

sunny

N

2

0

L2

NT 489 705 09/06/96

4.1

bright

N

14

0.2

sunny
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Table Al . 2') Results of monitoring winter crops during seed development in 1996.
Site

Code

New Belses, Borders
Monktonhill, Strathclyde
Butchercote, Borders
\Vaterstone, Strathclyde
North Arkiestone, Strathclyde
Samuelstone, Lothian
Stonehouse, Central
Grassmainston, Strathclyde
Cleish Mill, Tayside
Coldrain, Tayside
Woodhead of Mailer, Tayside
Woodstone Tayside
Thornton Mains, Grampian
Lower Powburn, Grampian
U pp e r Craighill, Grampian
Jacksbank, Grampian
Little Haddo, Grampian
Williamston, Grampian
Pitfancy, Grampian
Westerton, Grampian

B2
Si
BI
S3
S2
Li
C2
Cl
TI
T2
T3
T4
G5
G3
06
GI
G2
08
G4
G7

Grid reference

NT 573 253
NS 347 291
NT 629 340
NS 406 643
NS 503 653
NT 489 670
NS 918 848
NS 924 929
NT 103 978
NO 084 009
NO 095 207
NO 750 662
NO 681 704
NO 744 755
NO 798 772
NO 777 834
NJ 986 256
NJ 651 325
NJ 592 435
NJ 317 569

No. D.h. % D.b. D.h. larvae
Sampling Growth Weather Pesticide % Cci.
D. h.
date
stage Conditions before infested symptoms Larvae infested
from
in
200
sampling pods visible in
pods 2000 pods
crop
pods
28/07/96
6.4
fair
Y
26
Y
263
20.5
Y
6.2
N
8
N
X
0
X
05/07/96
overcast
9.5 1
5.8
fair
N
26.5
Y
94
Y
06/07/96
0
X
6.3 1 overcast
N
53
N
X
05/07/96
6.2
overcast
N
62
N
X
0
X
05/07/96
24.5
1.0
Y
06/07/96
5.9
fair
N
Y
10
14.5
28/06/96
5.5
fair
Y
N
X
0
Y
2,5
Y
Y
19.5
Y
6
28/06/96
6.3
overcast
overcast
N
79
Y
10
1.0
Y
28/06/96
6.1
0.5
Y
Y
44
Y
4
6.3
overcast
28/06/96
0
X
N
fair
N
30
N
06/07/96
6.5
Y
56
N
X
0
N
6.3
sunny
02/08/96
X
0
N N
56
N
03/08/96
6.4
sunny
0
N
30
N
X
6.2
sunny - N
04/08/96
0
N
Y
24
N
X
6.1
sunny
03/08/96
X
0
N
39
N
6.1
sunny
Y
03/08/96
X
0
N
8.5
N
sunny _Y
17/07/96 1 6.3
N
N
16
N
X
0
6.3
sunny
17/07/96
20
N
X
0
N
Y
6.3
sunny
17/07/96
X
0
N
16
N
fair
Y
6.9
17/07/96

Table A 1.24 Results of monitoring spring crops during seed development during 1996.
Site

Grassmainston, Central
Fordoun, Grampian
Clinkstone, Grampian
Girvan Mains, Strathclyde
Boclair Strathclyde
Elrick, Grampian
Powbridge, Central
Little Haddo, Grampian
Mertoun Estate, Borders
Halls Farm, Lothian
Thornylea, Grampian
Bucham, Grampian
Hillhead, Grampian
Sunnyside of Wartle, Grampian
Newton of Calsalmond, Grampian
Samuelstone, East Lothian

Code

Cl
GI
G2
SI
S2
G3
C2
G4
BI
L
G5
G6
G7
G8
I G9
L2

Grid
reference

NS 924 929
NO 750 769
NJ 589 344
NX 191 992
NS 623 733
NO 874 922
NS 878 873
NJ 986 256
NT 640 325
NT 235 580
NO 763 747
NJ 521 369
NJ 043 568
NJ 720 305
NJ 667 302
NT 489 705

Sampling Growth Weather Pesticide %('.a.
D.h.
date
stage Conditions before infested syrnptoms
sampling pods visible in
crop
15/07/96 6.1
fair
Y
9
Y
20/08/96 6.2
SUflflY
N
22
N
20/08/96 6.3
sunny
N
16.5
N
04/08/96 6.5
fair
Y
6.5
N
04/08/96 6.4
fair
Y
I
N
20/08/96 6.5
sunny
Y
18
N
04/08/96 6.1
fair
N
13
N
20/08/96 6.6
sunny
V
7
N
17/08/96 6.2
fair
N
19
Y
17/08/96 6.1
fair
Y
10.51
N
17/08/96 6.1
sunny
N
18
N
20/08/96 6.2
sunny
Y
4.5
N
20/08/96 6.2
sunny
V
8
N
20/08/96 6.4
sunny
V
5.5
N
20/08/96 6.5
sunny
N
12.51
N
17/08/961 6.2
fair
N
13.51
Y
-

-

-

No. D. b. % D. b.
D.b.
Larvae in infested
larvae
200 pods pods
from
___
2000 pods
21
1.5
Y
X
X
Y
X
X
N
X
X
N
X
X
Y
X
X
N
8
0.5
Y
X
X
Y
59
II
Y
12
1
Y
X
X
N
X
X
N
X
X
N
X
X
N
X
X
Y
9
1
Y

Appendix Two
Use of interpolated meteorological data
The Climate Research Unit, University of East Anglia, have produced interpolated
climatologies for the UK, Europe and North America. The clirnatologies have been
produced by fitting a partial thin plate smoothing spline function to scattered point
data (for more information regarding this process refer to Barrow, Hulme & Jiang
(1993); Hulnie el al. (1995)).

The European and North American datasets are used in this project. The resolution of
each dataset is 0.5 degrees longitude and latitude, however to allow CLIMEX to
process and display the resultant data it has been it has been necessary to reduce the
resolution to I degree latitude and longitude.

The climatic variables included are; minimum, mean and maximum air temperature,
precipitation, vapour pressure, wind speed, sunshine hours, ground frost and rain day
frequency. The accuracy of the interpolated data were assessed using validation data
sets from independent stations. The number of meteorological stations from which
data is interpolated varies with the climatic variable, i.e. in the UK the wind speed
data set is interpolated from 80 stations whilst precipitation is interpolated from 7201.
Therefore, error rates vary with element, the highest errors were associated with
windspeed and precipitation (20 and 10 % respectively). Estimated mean errors of
maximum and minimum temperature were between 0.5 and 0.8 T. Elevation is used
as a predictor variable and each element is expressed for the minimum, mean and
maximum elevation of each individual grid square. In this study only the mean
elevation datasets are used.

As air moisture content is expressed as vapour pressure it must be converted to
relative humidity before it can be imported into CLIMEX, the method of conversion is
detailed below. Obviously a greater element of error will be introduced by the this
conversion process.
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Conversion of interpolated meteorological data for inclusion in CLIMEX
CLIMEX requires air moisture data to be in the form of 9 a.m. and 3 p.m. relative
humidity (RE), although the programme calculates a rough approximation for the 3
p.m. RH if the 9 am. value is supplied. The air moisture content supplied with the
interpolated meteorological data is in the form of vapour pressure. The formula for
conversion of vapour pressure to RH is:
RH = Actual vapour pressure x 100
Saturated Vapour pressure
The maximum amount of moisture air can hold (saturated vapour pressure) is
temperature dependant and tables listing saturated vapour pressure over a range of
temperatures are available. However, only maximum and minimum temperatures are
available, which do not necessarily correspond with the temperature at 9 am.

Each dataset expresses meteorological data at a resolution of 0.5 ° latitude and
longitude, with each data point representing the centre of a square extending 0.25
degrees to the north, south, east and west. The 9 am. RH of all 346 locations in the
CLIMEX European dataset was compared to RH values calculated from both the
minimum and mean monthly temperatures of the corresponding representative grid
squares. Both sets of derived RI-I values showed a significant positive correlation with
the long term data, but the RH values calculated from the mean temperature data
showed a greater correspondence than those derived from the minimum temperature
(correlation of 0.62 and 0.48 respectively, both n = 346, P<0.01). A comparison of
calculated and actual mean annual RH values for all 346 locations is shown in Table
A2. 1.

Table A2. 1 Actual and calculated mean annual RH values for 346 European
locations
RH calculated from
minimum temperature
Mean
S.F.
Range
L101.3
0.2155-210

RH calculated from
mean temperature
Mean
S. E.
Range
77.80
0.16
39-104

Actual long-term
9 am. RH
Mean
S E.
Range
82.26
0.11
19-98
.
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As the RH values calculated from mean temperature gave the best correspondence
with 9 a.m. RH data, this method was used to convert vapour pressure for use in the
CLIMEX database. CLIMEX then calculates 3 p.m. RH. The same method was used
for the conversion of the North American database. A comparison of monthly
converted and actual 9 am. RH values for all 346 European locations is shown in
Figure A2.1, and of five UK locations and their representative grid square in Figure
A2.2.
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Figure A2.1 Comparison of actual and calculated mean monthly 9 am. RH
values for 346 European locations
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Figure A2.1 Comparison of actual mean monthly RH values with those
calculated for the corresponding interpolated 0.5° x 0.5° grid square (centre
of grid square 51.25 ° N, 0.25 ° W).
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